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SYNOPSIS 

With the development of high-flux anisotropic 
membranes with sharp cut-off, membrane ultrafiltration (UP) 
has emerged as an important molecular separation technique for 
a number of chemical process industries. It is finding increasing 
use for concentration, purification and separation of a wide 
range of macromole cular solutions. 

A major problem encountered in UP, which is 
attributable to the high-flux characteristics of the membranes, 
is the problem of concentration polarization, i e, the 
accumulation of retained solutes on the manbrane surface which 
always reduces the solvent fliix throu^ the membrane. In the 
case of macromolecules, such as proteins, the problem is further 





complicated by the formation of a gel layer on the membrane 
surface, The phenomenon of concentration polarization has been 
the subject of many investigations and attempts have been made 
towards modelling of concentration polarization with a view to 
studying its cause, effects and techniques for its control, but 
many areas still remain to be explored. 

In any UF experiment, the solvent flux decreases with 
time as a result of increasing polarization and reaches a steady 
value after a certain interval of time depending on the process 
conditions. Most of the UP data reported in literature are in 
the steady state gel polarized region and the effect of gel 
polarization has generally been studied with a pre-formed gel 
layer. 

To gather fundamental information on the process of 
concentration polarization and its effect on membrane performance 
it is necessary to study the UP performance in the transient 
period, before a steady state is reached. Further, to understand 
the effect of various parameters on the UF performance, 
investigations should be made in the pre- gel polarized region 
also, since concentration polarization, though it still affects 
the membrane performance, does not always lead to gel formation. 

The concentration polarization in UF of protein 
solutions has been investigated in the present study with a 
magnetically stirred UF cell fabricated from acrylic plastic. 



The solutes, nembranes and the experinental conditions used vrerej 

Solutes: Ovalbumin, Bovine Serum Albumin, Egg Albumin, 

Hemo^obin and Poly Ethylene Glycol. 

Membranes: Amicon Diaflo PM 30, XMIOOA and XM300. 

Pressures: 10, 20 and 35 psig. 

Solute concentrations: 0.05, 0.1 and 0.5 percent 

(by weight) 

Initial time studies were conducted to study the 
process leading to gel polarization, its effect on UP flux and 
solute retention, the time required to attain steady state and 
the effect of UP parameters op this time. The effects of several 
system parameters,; e.g. , pressure, bulk solute concentration, 
membrane permeability, stirring and solute molecular size were 
investigated in the' gel polarized as well as the pre-rgel polarized 
regions and, were analysed in the framework of the gel polarization 
and pre-gel polarization models proposed by Michaels and coworkers. 
The polarized layer resistance and the pressure drop in the 
polarized layer were calculated. The experimental results were 
also used to verify the suitability of an approximate theoretical 
analysis of gel layer build up proposed along the lines of 
classical filtration theory, 

Steadjy state ultrafiltration studies were carried 
out with 0.25 and 1,0 percent protein solutions at 20 psig 
with all the membranes. The variables studied were solute 



concentration, pH and neabrane treatment with, a non-ionic 
detergent. The pH of the solution was chosen as a variable 
as proteins are dipolar and pH has a strong effect on their 
structure and physical properties. Treatnent with detergent 
was studied since these well-studied laenbranes were found to 
exibit some unusual behaviour after detergent treatment in some 
preliminary experiments* 



CHAPTER 1 


lUTRODUOTIOH 

Daring the last decade, membrane ultrafiltration (UF) 
has been transformed from a mere laboratory curiosity into a 
most promising molecular separation technique. Olhe concentration, 
purification and separation of macromolecules by UP is finding 
increasing use in food processing, petroleum, phaimaceutical, 
polymer and paper making industries as well as in water and waste 
treatment. Production applications of UP have been reviewed by 
Michaels [59], Van Altena [72], Bansal [6] and Goldsmith [41]. 

Ultrafiltration is a relatively simple process in 
which the feed solution containing macromolecular solutes is 
introduced into a membrane separator where solvent and certain 
solutes pass through a semipermeable membrane under an impressed 
pressure gradient and are collected as ultrafiltrate. Solutes 
whose sizes are larger than the largest pore opening in the 
membrane are retained on the membrane and are collected as 
retentate, nearly complete separation of any desired solute 
from the solvent can be ensured by properly selecting the 
membrane, the sole energy requirement being the compression 
energy of the feed solution, 

Althou^ some of the applications of UP are imique, 
the increasing use of UP over other competing processes such as 

# ’ 
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evaporation, drying, ultracentrifugation, dialysis, gel filtration, 
ctiemical precipitation etc. is due to the following advantages 
[8,41]: (a) It is athermalf (b) it involves no phase change; 

(c) it is relatively nondestructive and therefore particularly 
attractive for food processingi (d) since the operating pressure 
is low, process energy requirement is quite limited;f (e) the 
process is simple and versatile; (f)itB modular nature makes 
it economical at both small and large sizes. 

The emergence of UF as a viable industrial process 
was almost entirely due to the development of anisotropic, hi^- 
f lux membranes [58] with sharp cut-off characteristics. The 
graded pore structure of such membranes with a thin skin of 
small pores supported by a much thicker layer of relatively large 
pores ensures high solvent flux with high ret entivity while 
avoiding almost totally any entrapment of solutes within the 
porous network [63j. However, the fullest exploitation «o-f the high 

flux characteristics of such membranes has been hampered by the * 
phenomenon of concentration polarization. Encountered in almost all 

membrane separation processes , concentration polarization is 
the accumulation of retained solutes on the higji pressure aid© 
membrane surface. This layer of retained solutes is an additiohLal 
resistance to solvent flew so that the solvent flux is reduced 
at any pressijre from the ideal level. In the case of 
macromolecular solutes, such as proteins, the phenomenon of 
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concentration polarization acquires an additional dimension due 
to the unusual property of proteins which foim a gel layer at 
high concentrations. Under such conditions, solvent flux in 
UP becomes invariant with increase in pressure and the phenomenon 
is known as gel polarization. 

The problem of concentration polarization has been 
long recognized in UP work. But attempts to eliminate it have not 
always been successful, so that most studies on process applications 
of UP' present data in the gel polarized region. Modelling of 
concentration polarization phenomenon with a view to evaluating 
the parameters governing it and the methods for its control has 
also attracted considerable attention. Though elaborate analyses 
for micro and macro-solute polarization have been developed, 
among others, by GoldSmith et al,,[4l]» Michaels [58], Grill [38], 
Dresner [30] and Blatt et.al., [15]» many areas still remain to 
be explored, 

Por a proper understanding of the problem of gel 
polarization, a knovrledge of the mechanism of the gel formation 
as well as the effect of gel polarization on UP performance is 
essential. It is also well known that the gel polarization 
eventually controls the UP process and always adversely affects 
the efficiency and the rate of UP process. Thus, for a reasonable 
evaluation of the membrane, the UP system and the efficiency of 
techniques to reduce polari^tion , it is necessary to distinguish 
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between the membrane controled Ul performance and the gel 
controled UP performance. 

Experimental investigations on the nature of the gel 
layer and the effect of gel polarization on UP performance have 
been reported in the literature [15,27,293. In these studies, 
the gel layer was formed on the membrane prior to its 
investigation. The effect of the parameters such as preseure 
and bulk solute concentration on gel layer controled UP process 
has also been well studied. But the process of formation of the 
gel layer and the effect on membrane performance as the gel layer 
is formed have not been given adequate attention. This is probably 
due to the fact that under the concentration and pressure conditions 
usually employed in UP work, the gel layer is formed with^^ a 
very short time, usually less than a minute [27,60], 

According to the gel polarization model proposed by 
Michael s^[l5]f the solvent flux in UP decreases with time due to 
polarization and eventually reaches a steady state. To gather 
f-undamental information about the process of gel polarization and 
its effect on membrane performance, investigation of UP performamce 
in the transient period, before a steady state is reached, is 
essential. This is termed the initial time studies. Such studies 
also provide knowledge of the time required to attain steady 
state and the effect of UP parameters on this time. These are 
required to evaluate the efficiency of polarization control 
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techniq.ues and to deteriaine the time after which the system 
output is of acceptable quality, particularly in the case of 
partially retentive membranes. Since gel polarization takes 
place with in a short time under normal conditions, it is 
necessary to work with dilute solutions at low pressures so that 
the time taken to reach steady state will be measurable and 
sufficient filtrate could be collected for retention studies. 

According to the gel polarization model, the gel 
layer, when formed, controls the UP process. But polarization 
does not always result in gel formation and there is a region, 
particularly at lower pressures and concentrations, in which the 
membrane still controls the UP process at steady state, though 
polarization affects the membrane performance. This is known as 
the pre-gel polarized region [15] • A knowledge of the membrane 
performance in this region is necessary to make a comparative 
evaluation of different membranes and to understand the effects 
of various parameters on UP performance as the gel layer is 
formed. Unfortunately, limited information is available in the 
literature on the UP behaviour in the pre-gel polarized region. 
The reason for this could be that, in general, UP is conducted 
with totally retentive membranes and at the moderate conditions 
commonly used, gel polarization always takes place. To study 
the pre-gel polarization also it is necessary to work at low 
pressures and with low solute concentrations. These studies 



6 


form the first part of the present investigation. 

Steady state IIF of macronolecules has been widely 
reported in the literature, the parameters studied being pressure, 
solute concentration, temperature, geometrical factors and fluid 
dynamic conditions. With solutes such as proteins, additional 
parameters like pH, ionic strength or chemical treatment will 
have considerable effect on UP performance since they affect the 
structure of the solute and solute-membrane interactions. These 
have not received adequate attention from experimental 
investigators. The steady state UF of proteins was studied in 
this work with concentration and pH as the variables and 
constitutes the second part of the present investigation. The 
effect of membrane treatment with a non-ionic detergent cn UP 
performance was also studied in steady state UP as it was suspected 
that such a treatment nay alter the membrane performance. 

Since UP is essentially a sieving process, it is 
beleived to be similar to classical cake filtration, the major 
apparent difference being one of scale of dimensions of solutes 
being separated. This similarity is only superficial and the 
engineering principles which govern efficient UP and classical* 
filtration are radically different [58]. In classical filtration, 
the filter medi-um is not the primary barrier but functions as a 
hydraulically permeable support for the cake of retained solutes. 



7 


which, itself is permeable and controls the filtration process. 

The filtration products are a filtrate and a solid or semi- 
solid cake -whereas in UP the membrane functions as the sole 
solute barrier and the UP products are two liquid phases, a 
solute depleted ultrafiltrate and a solute enriched retentate. 

Por an efficient UP the accxinulation of solute on the membrane 
surface must be a-voided. But in actual practice, it is known 
that in UP of macromolecules, such as proteins, the accumulation 
of solutes does take place resulting in a cake of retained 
solutes which is permeable and controls the UP process. It is 
possible, then, that the theory of classical filtration may 
have some use in modelling of cake formation due to polarization 
in UP. In the third part of the present investigation ah attempt 
has been made to propose an approximate model for the gel layer 
build up based on the theory of classical filtration and to 
verify some of the features of the model experimentally. 



CHAPTER 2 


ULTRAPILTRATIOH THEORY 

An -and er standing of the basic transport processes is 
essential for any practical application of ultrafiltration. 

This must include consideration of transport in the fluid phases 
adjacent to the membrane as well as transport within the membrane 
itself. The mass transport mechanisms by which the solute and 
the solvent are transported through the membrane are presented 
in the first part of this chapter while the second part deals 
with the transport behaviour in the fluid phase, in particular, 
the problem of concentration polarization and its modelling, 

2,1 Transport Kinetics in Ultrafiltration i 

Two basic classes of mass transfer mechanisms have 
been identified in ultrafiltration membranes depending, mainly, 
upon the sizes of solutes to be ultrafiltered. Membranes which 
retain rather small molecules, i.e,, those of molecular weight 
\inder ca.500 or of molecular dimensions under 10 A®, function as 
diffusive transport barriers. In these manbranes both solute and 
solvent are transmitted by molecular (Eickian) diffusion as a 
result of chemical potential gradients established in the 
membrane by the applied pressure and concentration differences. 

On the other hand, membranes capable of retaining relatively 
large solute molecules, i.e,, those of molecular weight above 
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500 or of molecular dimensions above 10 appear to function as 
molecular sieves or screens. The solvent moves, through, the 
micropores in these membranes, in essentially viscous flow while 
solute molecules are. carried eonvectively with the solvent, but 
only in pores whose dimensions are large enough to accomodate 
them. The transport mechanisms for both types of membreines have 
been worked out by Michaels and coworkers [r5»57,58] and are 
presented below. 


Diffusive Ultrafiltration ; 

Por diffusive type membranes, the steady state 
relationships governing the solvent and solute transport are, 
to a first approximation, as follows [56], 

Por solvent 


K^/t (A P - Ziit) = 


Wl 

t' 


( Ap - a *> 


( 2 . 1 ) 


where 


Solvent flux (ml,/cm®sec,) 
t = Membrane thickness (cm.) 

s= Specific pemneability of the membrane to the solvent 
AP = Hydrostatic pressure difference across the membrane 
(dynes/cm^) 

A*® “ Solute osmotic pressiire difference between the upstream 

and downstream solutions (dynes/ cm^) 

7 ? as Mean concentration of solvent in memorane (gm./cm^) 

^1 
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= Diffusivity of solvent in membrane (cd^/ sec.) 
w = Partial molar volume of solvent in solution (cm^/aaol» 

Vi 

R = Universal gas constant 

T = Absolute temperature 

According to Schl'dgl, Staverman and others [57] equation(2,l) 
should be modified by the insertion of a reflection coefficient 
as a multiplier of ^ it, although for sufficiently dilute solutions 
(when <<4El.P) this correction is of little importance. 


Por solute 




dC’ 



K» 

s 


where 


1 s 



( 2 . 2 ) 


^2 ~ flux 

= Solute oonoeutration in the membrane 
K' = Dimensionless coupling coefficient 

The first term on the right hand side of equation (2.2) represents 
the normal diffusitJS- flux of solute through the membrane where 
D2 is the local diffusion coefficient of the solute in the 
membrane. The second term accounts for the so called coupling 
of solute and solvent tranport which in essence is the convective 
flux of solute driven by the net flow of solvent. 


Equation (2.2) can be integrated with the following 
assumptions: (i) Membrane-solution equilibrium is established at 
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both boundaries of the membrane, (ii) the solute diffusivity is 
essentially independent of concentration and (iii) the distribution 
coefficient of solute between the membrane and the solution is 
constant (O' = j. 


Integration over the thickness of the membrane will yield 

, °B-°P 


^s-i 


1 - exp Jj_t/C3_D2) 


(2.5) 


For the diffusive membrane, the coupling can be neglected and 
equation (2.3) reduces to 

Kg Dg 

Jg = ^ ( Og-Op) (2i4) 

where 

J2 = Solute flux (gm/cm^ sec.) 

^2 == Solute distribution coefficient between membrane and 

solutions 

D2 = Solute diffusivity in membrane 

Cg = Upstream solute concentration (gm/cm^) 

Op = Downstream solute concentration (gm/cm^) 

For perfect crossflow, the solute mass flux J2 Is related to the 
volumetric solvent flux by 

Jp = JjL (2.5) 

On the basis of conservation of solute species. For a hi^aly 
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retentive membrane ( Gp« Cp) equations (2, 1,2, 4 and 2*5) can 
be solved simultaneously to give 


where 


R = 1 - Cp/Cg 


B(AP - An) 
1+B (A P - A%) 




B 




( 2 . 6 ) 


This quantity R is the retention coefficient. It indicates that 
fraction of the solute present in the feed solution which is 
held back by the xiltraf liter. 


It is evident that the solvent flux through the 
diffusive type membrane is directly proportional to the effective 
pressure difference across the membrane, while the solute flux is 
not directly pressure dependent. On the other hand, the retention 
coefficient increases with increasing pressure approaching tho 
theoretical limit of unity as the applied pressure increases to 
infinity. In actuality, however, there is some coupling of solute 
and solvent flow leading to increased solute permeability. As a 
result, the retention coefficient does not reach unity but rather 
approaches an asymptotic value less than unity. If the solute 
permeability is sufficiently small relative to the solvent 
permeability, the membrane will reach this asymptotic behaviour 
at quite low pressures* 
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Purthermore, for diffusive meiabraoaesj the retention 

efficiency of solutes of similar chemical structure will generally 

increase with increasing size of solute molecules. Por solutes 

of ’Icsimilar chemical structure, molecular size el one is not 

sufficient to predict the retention efficiency since the affinity 

of the solute for the membrane substance is an equally important 
factor, 

MloJ^oporous Ultraf iltration 

Por microporous, sieve type membranes, the solvent and 
solute transport relationships are; 

Por solvent, 

AP / nt ( 2 . 7 ) 

where t) = Solvent viscosity 
Por solute, 

J2 = O^iX-a) = C3 (I-ct) AP / nt (2.8) 

where cr = A dimensionless constant ( 0 <, o 4 1) dependent on 

the solute size and the membrane pore size distribution. 
Applying the continuity equation for solute species 
we get from equations (2.7 and 2.8) 

E=l- 0^/03 = a (2.9) 

It IS obvious from these relationships that the solvent 
flow varies linearly with the hydraulic pressure difference and 
the retention coefficient is independent of applied pressure 
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ifferenoe. since, the osootio pressure of the high aoleoular 
-erght solute retained by the ae.brane is usually very suall 
ooupared with the applied pressure difference, no quantity 
OTolving osuotio pressures appear in relations 2. 7, 2,8 and 2.9 . 

The quantity c represents physically, the fraction 

of the total liquid flowing through the uenbrane and passing 

tiirou^ tli0 por©s 4 *^ 

■ S aooonodate the solute noleoules. 

ihoe this paraneter is deteroined solely by the solute nolecular 
dr.ensions and the pore siae distribution in the nenbrane, the 
naubrane retention coefficient should be independent of applied 

pressxire and concentration. But -lo -p 

non. But it is frequently found that 

nenbranes display anonalous behariour. 

In sons cases the retention coefficient decreases 

With increasing pressure [4J. This .ay be due to an increase in 

pore Site as a result of elastic distortion of the nenbrane or 

sHear induced distortion or uncoil iriD- +v, 

. of the solutes sach that 

■they oan pass through sQall Dores w-i +v, 

_ -P • ®°^® ^®i^t)ranes, retention 

e iOiency has been found to increase with increasing feed solution 
concentration, fhis has been attributed to the reduction in flow 
rough pores large enough to pass the solute noleoules due to 
the extra risoous drag by the solute noleoule in the pore, which 
biases the flow in favour of pores too snail to acconodate ' 
the solute, thereby inorsaeing the retention [58]. j 
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2.2 


Concentra tion Polar±;^.Rti r>r. ♦ 

It has been usually observed that when a solution is 
ultrafiltered at any pressure through a high permeability membrane 
which retains the solute completely or partially there is a 
drastic reduction in the solvent flux, compared to the value 
measured with the pure solvent under similar conditions. This 

reduction is not attributable to the plugging oi OF ae^branea 
ultrafiltration (IIP) membranes [60]. 


During ultrafiltration of a solution through a oeobrane , 
the oonveotlvs fm^ of the solute towards the nenbrane with the 
solvent initially eioeeds the rate at which the solute passes 
through the nenbrane resulting in aoounulation of the solute near 
the upstrean surface of the uembrane. A steady state will 
Ultluately be reached wherein any solute conveotively transported 
towards the nenbrane nust be renoved by passage through the 
nenbrane and by diffusive transport away fron the nenbrane into 
the bulk of the upstream fluid, ihe consequence of these 
interacting transport processes, is the development of a layer 
of solution, highly concentrated in the retained solute (in 
comparison to the bulk solution) on the upstream surface of the 
nenbrane. This is the phenonenoh of ‘ Concentration polarization' 
Which is connon to every nass transfer process occurring across 

a semipermeable barrier [57]^ 
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The effect of polarization upon membrane performance 
is always adverse and frequently severe. Since the membrane 
responds, in its transport behaviour, only to the immediate 
boundary conditions it ' sees' , it naturally displays the solvent 
and solute transport characteristics of this layer of more 
concentrated upstream solution. If the membrane is not completely 
solute impermeable, polarization results in solute fltix much 
greater than that would be predicted from the bulk solution 
concentration, resulting in decreased retention efficiency, 
i'urther, if the solute is of relatively low molecixLar weight, 
the highly concentrated polarized layer increases the solute 
osmotic pressure, therby reducing the effective driving force and 
thus reducing the ultrafiltration fluz. If the solution contains 
high molecular wei^t solutes or colloids, concentration 
polarization produces a layer of finite and, frequently, large 
hydraulic flow resistance resulting in sub staniial reduction in 
UF rate, 

2,2.2 Modelling of Concentration Polarization s 

The adverse effect of concentration polarization on 
the membrane performance has long been recognized. Much effort 
has been devoted to the modelling of the eoniiontration polarization 
phenomenon with a view to Understanding the operational parameters 
controlling the polarization and to reduce, if not eliminate. 
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polarization. Elaborate nathenatical analyses of nicro solute 
polarization, reverse osaosis desalination of water, in 

both laminar and turbulent flow in cylsnderical and parallel plate 
channels have been made by Dresner[30], Grill [38], Sherwood and 
Brian [66] and others. This analysis has been extended to 
concentration polarization in UE of macroiaolecules and proteins 
by Blatt et al.[l5], Dejmek [27], Grold£mith et al.[4lj and 
Michaels [58], 

The general model for concentration polarization is 
described in this section while some peculiar effects of 
concentration polarization in the UE of proteins are described 
in the next section. 

The conditions which exist within, a typical polarized 
layer with micro solutes are shown schematically in Eigure 2.1, 

A few simplifying assumptions are made, which allow the 
concentration polarization to be described by a simple boundary 
layer theory. The membrane surface in contact with the solution 
is consAA-e-red to be snooth, convection due to local density 
gradients is neglected, and a concentration independent solute 
diffusivity is assumed. The bulk solution is well .stirred with 
a constant solute concentration *5 eind the velocity and 
concentration gradients are restricted to the region traditionally 
termed as the laminar boundary layer. 
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Pigure 2.1 Schematic Diagram of Concentration Polarization 

ft 

with Microsolutes 

In the steady state, the solute concentration profile 
is constant and the convective solute transport to the membrane 
is balanced by the diffusive salt flux from the interface to the 
biilk solution and the solute flux through the membrane. The 
solute balance is given by 

- Dg dC/dx - * 0 (2.10) 

= Transmembrane solvent flux ml./cm^sec. 


where 
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C = Local solute concentration ga/cn^ 

D = Local solute dif fusivity cn^/sec, 
s 

X = Nornal distance froa the nenhrane surface cm. 


0 = Solute concentration on the downstrean side ga/cn^ 

Integrating equation (2,10 ) over the thickness of ^the houndary layer 
and applying the boundary conditions, one gets 





B 


s 


(2.ii; 


where 


6i = Boimdary layer thickness cn. 

C„ = Solute concentration at the upstream nembrane 

W 

surface gm/cn^ 


Por membranes rejecting the solute completely C < 

and equation (2,11) reduces to 






( 2 . 12 ) 


For solute transfer in the absence of water removal, D /6. can be 

•SI 

replaced by a solute mass transfer coefficient fhe • 

• ..•S' 

concentration polarization modulus M is then given by 

0 *^l^i 

l| -5 ■ == ( 1 ^ ') ~ exp ^ ( 2 , 13 ) 

'q ® ' . • 

This relation indicates that the polarization modulus 
increases exponentially with the transmembrane flux and the 
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boundary layer thickness and decreases’^ exponentially with increasing 

solute diffusivity. This neans that polarization is particularly 

\. 

severe with high solvent permeability neiibranes and hi^ molecular 
weight solutes. 

It is assumed that is unaffectM by the small water 
flux Correlations for mass transfer coeffii'cdent have been 

made, using Chilton-Colbum analogy for various flow .geometries 
and flow regimes by Brian [16], -Kimura [47], gih^rwood et,al.[66] . 
and for stirred sells by Colton [20]-. 

This boundary layer model gives an oter^implified 
picture of the boundary layer transport phenomenon-^ Nevertheless, 
it describes the eoncentration polarization in 'aV turbulent flow 
cell and in a well stirred batch cell with sufficient accuracy. 
Bisher [35] has shown that more sophistieated models that assume 
the occurance of molecular or eddy diffusion in the boundary 
layer also lead to approximately the same resxilts. 

2,2,3 Concentration Polarization in Protein XJltrafiltration- 
Gel Polarization Model ; 

In the IIP of solutions of macromolecules such as 
proteins or colloidal dispersicns, the concentration polarization, 
though governed by the same mass transport and fluid mechanical 
factors that govern the microsolute polarization, has been found 
to exhibit some pecular effects. It has been found that for most 
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nacronolecular solutions, the aeabrane fluzes are significantly 
lower than those measured for water at the same operating conditional. 
This cannot be attributed to the osmotic pressure effects since 
the osmotic pressuresof these solutesaro very low even at high 
concentrations. Another feature noted in the in’ of macrosolutes 
is that beyond a threshold pressure, the US' fluzes are independent 
of pressure in contrast to the linear increase of pure water fluz 
with pressure. 

The peciiLiap effects of macro-solute or colloid 
polarization on UF are in a large measure attributable to the 
unusual properties of concentrated solutions of these substances. 

For these solutions, the viscosity increases with increasing 
concentration and above a certain concentration (chamct eristic 
of the particular solute), known as the gel concentration, the 
solutions cease to behave as newtonian fluids. Rather they behave 
as a viscoelastic solid or a viscoelastic fluid (Bingham type) , 
i.e., they distort elastically under shear and rupture at 
characteristic shear stress or they deform elastically at low 
shear stresses and flow as highly viscous fluids above a critical 
stress. 

To ezplain the peculiar effects of polarization during 
BF of macromolecular solutions, Michaels proposed a modified model 
of concentration polarization known as 'gel polarization' 
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tiodel [15,58], A schenatic representation of this nodel is 
shown in Pigure 2.2. In this nodel also the solute retention at 



Pigure 2.2 Schematic Representation of Gel Polarization Model 

the membrane surface results in the foimation of a concentrated 
layer of solutes in contact with the membrane and. the solute 
concentration at that surface rapidly reaches a constant value 
known as the gel concentration (which depends upon the chemical 
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and morphological properties of the solute and is typically in 
the range of 20-60 percent] which is virtually independent of 
bulk concentration, pressure, fluid flow conditions or membrane 
characteristics. The rheological and mechanical properties of 
this layer of solutes is substantially different from those of 
the contiguous solution. This layer is the commonly observed 
'slime' or 'cake' adhering to the membrane surface. Because of 
its high viscosity, it either does not migrate with the flowing 
upstream fluid or else it moves with a much lower velocity 
relative to the flowing fluid. In effect, the gel layer interposes 
between the membrane and the solution, a secondary membrane which 
is hydraulically permeable to the solv^Uft Since, in general, the 
hydraulic permeability of such a gel layer is smaller than that of 
the UP membrane itself, a substantial fraction of the applied 
pressure is sustained through the gel layer and correspondingly 
the net solvent flux through the membrane is reduced. 

At steady state, however, as in the case of micro solutes, 
the UP* rate is determined by a balance between the forward 
convective transport of solute to the gel layer and the backward 
diffusive transport of the solutes from the gel layer into the 
bulk solution. This balance may be expressed by the equation 

B ^ ^ m e m 

A & g' 


(2,14) 
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where __ 

G = Bulk concentration gn/cn^ 

= Mass transfer coefficient (cn/nin.) 

s 

C = Gel concentra,tion gn/cn^ 

s 

Since the gel concentration C is constant, the back transport 

& 

rate reaches a liniting value, governed only by the fluid 
mechanical properties of the UP system. This means that the UP 
rate is governed solely by the solute mass transfer conditions and 
is virtually independent of applied pressure and the actual 
membrane permeability. Parameters which enhance the back transport 
such as increased fluid velocity or reduced channel height in 
flow systems and more rapid stirring in stirred cells increase 
the net UP rate. 


According to the gel polarization model, with 
macromole cular solutions, a gol jL.c,yur sticking to the membrane 
surface results in a considerable reduction in UP' flux, due to 
the additional hydraulic resistance offered by the layer. A 
comparison of the resistances of the gel-layer and the UP membrane 

:p, 

will give an idea of the effect of polarization. The gel layor- 
mombrfine composite can, to a reasonablG approximation, be treated as 

two hydraulic resistances in series. The UP flux can be 
related to the applied pressure, by the relation 



( 2 . 15 ) 
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where the resistance R, is given by 

R = R + (2.16) 

n g 

where R^ = The uenbrane resistance 

R = Gel layer resistance 
g 

The uentrane resistanoe, E^, can be detemlned fron the pure 
solvent flux, and is given^by 


^ = 


A p 


(^p ) 


(2.17) 


where P^ = Hydraulic perneability of the nenbrane 

;t = Thickness of the nenbrane 
n 

It the gel layer has a specific hydraulic perneability, P^, and 
thickness, t , then the flux through the laninate is given by 




t /p + 1 /] 
n\ n g^ 


(2.18) 


Pron eq,uations (2.16) and (2.17) 




1 + 


( 2 . 19 ) 


Then, at steady state 




Ji = 


V®ti 


where P = Pressure drop in gel layer 
^ g 


( 2 . 20 ) 


j „ ocr_)sstho nonbrone 
Ef foctivc!,;- pressure drop acrjs 
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If tlio gel layer resist aiice is much higher than, the membrano 

roGistanco, the flux obserTod will bo only a aiall fr -.ction of 

that obtained when orxly pure solVv^nt is ultraf iltered. 

‘ Ihe gel layer resistance has been shown to be a 

function of the hydraulic permeability of the gel layer. Ihe 

hydraulic permeability of the gel layer is a complex function of 

the solids concentration and of such variables as the size, shape 

't 

and state of aggre^e^ion of molecules comprising the solid phase. 
Por relatively concentrated dispersions of nearly isometric 
(spherical) particles, the hydraulic permeability for a solvent 
with • viscosity, tj, can be approximated by the Kozeny-Caxman 
relation for porous solids and is given by [15] 

p = (2.21) 

® 180 '( 1 -e)^T) 

where d = Diameter of pdrticdie 

e = The porosity of the gel layer 

It is obvious that the permeability of tho gel layer is s strong 
function- of the porosity and particle size. 

The gel polarization model has been extensively used 
to explain the OT performance of macromolecular and colloidal 
systems by many investigators and these are discussed in detail 
in Chapter 4 along with the results of the present investigation. 
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2.2.4 Model of the Gel Layer Build up; 

It was described in the previous section that, in the 
UI of macromolecular solutions, concentration polarization results 
in a gel layer formation, The state of gel polarization is 
achieved after an initial unsteady state during which both the 
gel layer as well as the diffusional layer are formed. The 
diffusional layer, here, refers to the concentration boTxndary . 
layer in figure 2.2, where the concentration is changing from 
C to 0. It would be of interest to know the time taken to 

O , 

achieve the steady state, the volume of ultrafiltrate dixring 
this time and the nature of changes with time of the solvent 
flux and solute retention. In this section, an attempt is . 
made to propose a model, from the theory of classical filtration, 
relating these quantities. 

Since the resistance of the gel layer is usually ' 
much more than that of the diffusional layer in the gel polarized 
region, it wouid be reasonable to expect that the time required to 
form a diffusional layer would be very much shorter. In the 
following analysis, the time required to reach the gel concentration 
is first neglected and the attention is focussed on the phenomenon 
of the gel layer build up. Ikiring the initial period, since the 
forward solute fltix is greater theua the back diffusion flux, the 
thickness of gel layer of retained solutes increases, i. steady 
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■ ed i. this constant pre.^re OT when the solvent 

state is attaane .^ffusion rate of solute to match 

flux is low enough for bhe ao classical 

1 . bv the membrane, mile, m 

,he rate of continues with 

constant — j ^ ,,,, ,,c stead, state is 

time, the oate build up i tulh solution ^ 

v.oA However, the concentration 

reached. However ^ 

increases with time, for exampi , 

the ^el and the diffusion 
A solute balance around S 

jy Vi«a+'r'h stirred US' leads to 

layer for a batch srix 


t 

t /^\ V A / r c - ”5 (t) 1 Ht 

r [ C (t) - Op (t) 1 dV(t) - Kg^4 i L S 

. f 1 - e) dr' C2.22) 

“ 's ^ 

0 


where 


V(t) 
% 
f ® 


and 


= Volume of Ultrafiltrate from time t=0,ml. 

2 

= Membrane area, cmi 

= Density of solute material, St/™ 

= Porosity of the gel laya^ looa 
= Distance from the diffusion-gel layer 

interface towards membrane (Figure 2.2 .om 
. - Ihichness of gel layer at time t, om 

, / lime from the beginning of DF. seconds 

The equation (2.22) “as been formulated such that 
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a compressible cake may be assumed, since Dejmek [27] and 
Dorson et al.[29] have found the protein gel layers in UF to be 
compressible. The solvent flux through the cake may be related 
to the pressure drop dP through a differential thickness dx' of 
the cake, of porosity e (the cake being made of spherical solute 
molecules of diameter d) by the Kozeny-Carman equation [23] 

i (2.23) 

' dt ' K^(l-eJ T) 


Defining the quantity a by 

a - 

and substituting for dx'- from equation (2 
leads to 


(2.24) 

23) in equation (2.22) 


t t 

/ [0 (t) - 0 ft) ] dV (tj - r [0 - 5 (t) ] dt 

0 -P s ”5 6 

However, in terms of a pseudo-compressive pressure on solids in the 
gel P^ [70], 

d P^ + dP =0 (2.26) 

Equation (2.25) then reduces to 

/ [c (t) - Cp(t) 1 dV (t) - / [Og-5 (t) ]dt 

- ^ dPg 
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The quantity a, known as the specific cake resistance, can be 
related to the compressive pressure by [69] 


“ = “o ^ 


( 2 . 28 ) 


Dejmek [27] has shown that n has an approximate value of 0.75 for 

albumin deposits. If now it is assumed that the membrane rejects 

the solute completely to startwith and the increase in bulk 

concentration with time is negligible and since 0 G (t) , 

e 


one obtains 




V (t) « - K A^ 0 t = 


J^(t)ria^ 


( 2 . 29 ) 


where total pressure drop across the gel and from 

equation (2.20), neglecting the pressure drop across the diffusion 


layer. 




membrane 




Thus, 


T <iv(t/ 

4- ] = J, (t) = 


^ ( 2 . 30 ) 

agt, (1-n) [V(t)^Kgi„0gt ] 


For an incompressible cake, n is zero and aQ becomes «• 
When the steady state is reached at time t ^ seconds and a volume V^s 

. 'SS. 

of ultrafiltrate has been collected, J 2 _(t) becomes 
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■Si 

■aoT) a-n) [V33 C - 3 


(2.31) 


)r any time t , greater than t^ .the curve of V(t) versus t is 

s s / 


linear and 


[dV(t)/dt ] = 


(2.31 a) 


The volume of ultrafiltrate collected may than bis represented as 




( 2.31 b) 


Therefore, for time t > t^^ equation (2,30) may be expressed as 

l(Ai’gei)^ ^ 2 31 ) 

" "-oT, (1-n) [7^3^ + “ 

Comparing equations (2.31 c) and (2,31 ), we get 


Vl^ (^-^SS> = Wg 


(2.32) 


Substituting for K^Aj^Cg by from (2.32) into (2.31) we get 


*^1 = 


(l-n) [ 733 C - 


{2,33) 


It should be noted here that equation (2.32) is very similar to 
equation ( 2 . 14 ) for the gel polarization model of Michaels which 
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is often expressed as [6o] 

J-,C = E„(C -C } 

1 g 

For an incompressible cake n is zero and the only 

unknown in equation (2.33) is since ^sa* ^ss 

A-^gel are measurable. For a compressible cake, n is an 
additional unknown. Thus, for a given solute, the validity of 
equation (2.33) may be checked if data are available on t„^ 

-A^gei ^ given and C. The quantity 
obtained from a knowledge of the membrane resistance using 
equation (2,20). The literature on UF does not provide any 
information on and t^^ except for statements like - ^steady 
state is normally achieved in less than a minute, as shown by 
the invariance of UF rates over short time periods' [15]. Thus 
an experimental study on the initial time behaviour of UF' membrane 
is necessary to evaluate the usefulness of equation (2,33) . 

It would also be of interest to consider the phenomenon 

of diffusion layer buildup in the pre-gel polarized region, i.e., 

under the conditions such that a high wall concentration of 0^ 

(less than C„ but still considerably higher than C ) is reached 

at steady state. With a total retention membrane, such a case 

will lead to the following relation instead of equation (2,22) 
t t L(t) 

f ^(t) dV(tJ - K (t) =iij, fg/ (l-e)dx" (2.34) 

0 0 . 0 - - 
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X = Distance from the diffusion layer-bulk solution 
interface towards the membrane (Figure 2,l),cm, 

L(t)= Thickness of the diffusion layer at time t, cm, 

K (t)= Time varying mass transfer coefficient 

O 

0^(t)= Time varying wall concentration which reacheis the 
value at steady state (t= t^^) 

and other terms are as defined earlier. 

For any time t beyond t__, the left hand side of equation (2.34) 
may be expressed as 

t 

/ ss _ 

Kg(t) [o,,(t) - c(t) ] at 

0 

- Vh ^ ^ 

(2.35) 

In deriving equation (2.35) it has been assumed that 

0 (t) and the time dependent iCg(t) (t) product when 

integrated from 0 seconds to t^ seconds may be expressed as a 

s s 

simple product of their steady state values K;gC^tgg and an unknown 
factor (l/f). The factor f is most likely to be greater than one. 
Further, if the slow permeation of the solvent through the 
diffusion layer may still be described by Garman-Kozeny equation 
[23l, the relationship equivalent to equation (2.33) for this 
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case is 


= 


f 


a 


] 


( 2 . 36 ) 


where the relation equivalent of equation (2,32) is 


° = V'H ‘V(^=-tss> 

Since there is an additional ■unknown f in equation 
(2.36) Besides the use of equation (2,36) will be 

much more difficult than that of equation (2.33). 

The initial time data of the present study were 
applied to the foregoing analysis and the details are presented 
in chapter 4, 


CHAPTER 3 


EXPERIMENTAL 

3.1 Materials ; 

3.1*1 Suspending Media ; 

All solutions used in this study were prepared in 
appropriate buffer &©luti#ns. The buffer solutions were made 
up from stock solutions of 0.1 M. Citric acid and 0.2 M, 

Disodium Phosphate according to Table 3.1 [68], All solutions 
were prepared with double distilled water. 

3.1.2 Solutes; 

The solutes used in the present investigation were 
as follows; Polyethylene glycol 20 M (PEG) was obtained from 
Sigma, U.S.A, Bovine Serum Albumin (Cohn Praction V) [BSA] was 
obtained from V.P. Chest Resoarch Institute, New Delhi and 
M/s. Gentron Research Laboratories, Bombay. Ovalbumin (Wilson) , 
Hemoglobin (EM) and Egg Albumin (Wilson) were supplied by 
M/s, Ghempure Ltd, , Bombay. All the chemicals were used as 
obtained. The properties [37] of these solutes are given in 
Table 3.2. 

Eor initial time studies, 0.05>; Ovl and 0.5 pe3:‘cent 
Belutions of the proteins were employed, Ror steady state studies, 
0.05, 0.25 and 1,0 percent solutions of the proteins and 0.5 percen’ 
PEG solution were used. Double distilled water was used for pure 
water permeability studies, Teepol, a detergent, was obtained 
from BDH Chemicals, Bombay, 
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TABLE 3.1; Mcllvairfe Citric Acid-Phosphate Buffer 
X ml, of O.IM. Citric Acid ivo C^HgOY .H20/1,} + |ipO-x) 

ml. of 0.2M. Di sodium Phosphate (35.6 gas. Na2HP0^.2H20/l,) 


pH 

3.0 

4.6 

4.8 

6.0 

6.8 

8.0 


z 

79.45 

53.25 

50.70 

36.85 

22.75 

2.75 




TABLE 3 

.2: Properties of Solutes 


Solute 

BSA 

Hemoglobin 

ovalbumin 

Egg 

Albmin 

PEG20M 

Molecular 

weight 

69,000 

67,000 

45,000 

44,000 

17 ,000 

Isoelectric 

418 

6.8 

4.6 

4.6 

mm ' 


pH 
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3.1.3 Membranes : 

The membranes used in these investigations, Diaflo 
PM 30, XM 100 A and IM 300, were obtained from Anicon Corporation, 
U.S.A. These membranes were of 76 mm, diameter with an effective 
filtration area of 33.2 cm^. The characteristics of these 
membranes, namely, molecular weight cut-off, pure water permeability 
retention etc. are given in Table 3.3 [l,2]. 

3.1.4 The Ultrafiltration Cell ; 

The investigations reported in this study were carried 
out with a stirred ultrafiltration (UF) cell, so constructed as 
to facilitate easy dismantling and cleaning needed for the 
removal of any adsorbed solutes. The individual parts are shown 
in Figare 3.1. The bottom plate has 3.2 mm. width circular 
channels, connected by cross channels to a central hole, which 
in turn was connected to the ultrafiltrate port. The top plate 
houses the stirrer assembly, the baffles and the inlet ports. 

All the parts were fabricated with acrylic plastic to allow easy 
observation. 

The membrane was supported by a stainless steel wire 
screen (80 mesh) and the cell was assembled as shown in Figure 3.^ 
The neoprene 'O’ rings provided the sealing for leak-free 
operation. To maintain uniform bulk concentration and to reduce 
the concentration polarization effects, the solution was stirred 
by a nylon covered magnetic stirring bar, supported by a bearing 
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lEABX/E 3»3 t Characteristics of DIAJj'LO Membr^es 


Membrane Approximate Nominal Maximum Maximum Deionized 
Pore JBjKflimiiwr Molecular Operating Operating Water 
Weight Pressure Temper^ Plow 
Gut-off psig ature ml./cm^/min. 


PM 30 

25 

30,000 

70 

125 

8-10 

XM 100 A 

55 

100,000 

70 

70 

0.4-1. 4 

XM 300 

200 

300,000 

70 

70 

0.75-2.0 


*Plow rates after 5 minutes at pressure, PM 30 at 55 psig 
and XM 100 A and XM 300 at 10 psig. 

Retention Characteristics of DIAPLO Membranes* 


bolute 

Molecular 

weight 

Percentage retention at pressure** 
indicated ( ) 

PM 30 (55) 

XM lOOA (10) 

XM 300 (10 

PEC (20MI 

17,000 

r— f 


- 

Ovalbumin 

45,000 

90 

- 


Hemoglobin 

64,000 

95 

45 

10 

Albiimin (Bovine ) 

67,000 

95 

45 

10 


* Values for solutions of relatively pure solutes. In some 
cases retentivity depends on solute concentration and pressure, 

** Average value after 10-30 minutes continuous ultrafiltration 


in stirred cells 
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■Baffles 

Cell 



^Magnetic stirring bar 
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w/z/V/A 



iiu Ultrafiltrote 

Ultrafiltrate port, sampler 


Fig. 3- 2 - Stirred ultrafiltration cell assembly. 
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assembly from the top plate and located 6,35 nun. above the 
membrane surface. Baffles were used to further improve the 
mixing, 

3.1.5 The Ultrafiltration System ; 

A schematic flow diagram of the experimental unit is 
shown in Bigure 3.3. It consists of an oilless compressor, a 
cylinder for air storage, a pressure regulator, an air filter, 
a solvent reservoir, pressure gauges, valves, UF cell, IXF sampler 
and an ultrafiltrate collection unit. All connections were made 
with 6,35 Dim, nylon pressure tubings and fittings. The connections 
were made in such a way that the cell could be easily disconnected 
from the rest of the system. 

The ultrafiltrate collection unit consisted of two 
modified graduated burettes, positioned slightly inclined (ci 10°) 
and interconnected by a 3~way glass stopcock, 

3.2 Methods; 

3.2.1 Experimental Procedure ; 

Prior to making any run, the air cylinder was filled 
with compressed air, and the solvent reservoir was filled with 
the appropriate buffer solution. The cell was then assembled 
With the membrane in position, filled with 250 ml. of solution 
to b© filtered and connected to the UP system. Magnetic stirring 
was initiated next. Valve V^ was opened to flush the air from 



Solvent reser voi 



mental system for ultrafiltration 
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the connecting assembly and then closed. Valves V^ and V 2 were 
opened and the solution in the reservoir was pressurized to the 
operating pressure. Valve V 2 was closed at this time and valve 
V^ opened and the cell solution was pressurized. When the desired 
pressure was reached in the cell, V^ was closed and V 2 and V^ 
opened quickly. As the solution was discharged by ultrafiltration 
from the cell^ solvent was replaced from the reservoir. The same 
starting pressure in both the cell and the reservoir minimized 
any voliuae change that can occur in the cell during operation. 

The time of ultrafiltration was measured from the 
instant of cell pressurization,. The void volume of the system, 
from the bottom of the membrane to the starting point of the 
filtrate collection burette, was initially filled with double 
distilled water to avoid the time lag in the measurement of the 
rate of filtration [143. •411 the runs were taken at room 

temperature which was in the range of 25-30°G. The temperature 
of the cell solution was measured and found to be constant during 
the run. 

The procedure outlined above was used for steady state 
ultrafiltration studies, where the desired cell pressure was 
reached in 20-30 seconds. For initial time studies, this 
procedure was modified to reduce the time required for 
pressurization by introducing a solenoid valve between the 
■ultrafiltrate sampler and the filtrate collection unit. This 
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■valve was kept closed when the cell was pressurized and opened 
when the desired pressure was reached, which was within 10 seconds. 
The time of filtration in this case was measured from the instant 
the solenoid vjalve was opened. 

The "burette reading corresponding to the meniscus of 
the -ultrafiltrate was noted at regular time intervals. Samples 
of the retentate and the -ultrafiltrate were also taken at regilLar 
intervals. The steady state experiments were conducted for 1 hour 
with burette reading noted every minute. Samples were taken at 
1,5»10,20,30,45 and 60 minutes from the start. The initial 
time studies were carried out for 15 minutes with burette reading 
noted every 15 seconds upto 5 minutes and after every 30 seconds 
theieafter. Samples were taken at 1,3,5»10 15 minutes from 

the beginning. 

At the end of the run, the stirring was stopped, 
valves ^2 and were closed and the cell solution was discharged 
and the pressure was released slowly. The cell was then disconnecte* 
from the system, disassembled and all the parts were cleaned with 
tap water. The membrane was cleaned by the proced-ure described 
in section 5.2,6. The ultrafiltrate was removed from the 
collection unit and the whole collection assembly including the 
sampler were cleaned with tap water. Reprod-uoibility was checked 
for some experiments early in the study with the same membrane 
€md found to be reasonably good, ' . 
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3.2.2 Flux Measui^enti 

The ultrafiltration flux was calculated from the rate 
of filtration given hy the slope of the plot of volume of 
ultrafiltrate collected versus time of filtration. Since the 
rate of filtration changes with time continuously, due to 
concentration polarization, this method of measuring the rate 
gives a better estimate of the flux than the conventional methods. 

3.2.3 Sampling; 

Concentrate samples were taken through a sampling 
valve located above the membrane, near the stirrer. 

The ultrafiltrate sampler for the steady state studies 
was an ordinary 3 -way glass stopcock. Since the rate of filtration 
ras very small ^ the time for sampling by this method was very high. 
Hence for initial time studies, sampling was done with a syringe . 
through a sampling block shown in Figure 3.2, connected directly 
to the ultrafiltrate port. Sampling, by this method took only 
20-30 seconds. The sample volumes for steady state and initial 
time studies were 2.5 ml. and 1.0 ml. respectively. This sample 
volume was taken into account while measxiring the volume of 
filtrate. The samples were diluted, where necessary, for 
concentration measurements, 

3.2.4 Concentration Measunam-en-t^ ^p; 

Concentration of the polyethylene glycol samples were 
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measured with, a differential refractometer (Brice-Phoenix, Model 
BP-2000-V, U.S.A,). The calibration plot for the differential 
refractometer is given in Figure 3,4. 

Concentrations of the protein samples were measured 
by two different methods, depending on the concentrations, using 
a spectrophotometer (Bausch and Lomb Model 33-31-72). For very 
dilute samples (0-200 pg/ml.), a sensitive Lowry’s method [55] » 
and for relatively concentrated samples (.0.25 mg, -2,0 mg, /ml.) 
a modified Biuret method [18] were used. 


Lowry* s Method ; 

Reagent As 2 percent Sodium Carbonate in 0.1 percent Sodium 
Hydroxide. 

Reagent Bs 0,5 percent Copper Sulphate (CuS0^.5H20) in perc^l: 
Potassium Tarbarate, 

Reagent C; Prepared on the day of use by u mixing 50 ml, of 
Reagent A and 1 ml, of Reagent B, 

Reagent Bs Folin-Giocalteau reagent [Prepared according to 
Litwack [52]]. 


A volume of 1 ml, of the sample, whose concentration 
was to be determined, was mixed with 5 ml, of alkaline solution 
(Reagent C) and allowed to stand for. 10 minutes at room temperature 
Then 0.5 ml. of Folin*s reagent was added to it with mixing and 
the optical density (0,B) was taken at 660 nm after 30 minutes. 



Si’O 
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The concentration was read from the calibration curve shown in 
Figure 3.5. 

Biuret Method ; 

Biuret reagent was prepared by the method of Bailey[.33 
A volume of 2.5 ml. of Biuret reagent was added to 2,5 ral. of 
sample solution. The mixture was allowed to stand at room 
temperature and the O.D. was measured at 540 i^m after 30 minutes. 
The concentration was read from the calibration curve shown in 
Figure 3.6. 

3.2.5 Solute Retention Measurement ; 

The solute retentions were calculated from measured 
values of €>oncentration of ultrafiltrate at different times and 
the bulk solute concentration using equation 2.9. 

3.2.6 Membrane Oleaning; 

When a membrane is used for a number of experiments 
it has to be cleaned after each use, since there will be seme 
clogging and adsorption of solutes on the surface. Various 
methods for membrane cleaning have been reported. These methods 
include use of O.llT Sodium liydroxide [51] , detergents [2j and 
enzyme solutions [31,32,36]. For severely clogged membranes, 
back flushing has been used [25]. 

The following procedure was used in the present study. 
At the end of the nm, the membrane was removed from the cell. 




Concentration 


Figure 5.5 Calibration Curve for Protein Concentration 



Concentration mg/ml. 

Figure 5.6 Calibration Curve' for Protein Goncentration 

Measurement (Biuret Metbol)^ 
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washed with tap water and kept in O.llT NaOH solution for 10 to 
15 minutes. It was then cleaned with tap water again, placed 
in the cell and double distilled water was passed through at the 
the same pressure to which the membrane was exposed in the 
previous run, for 15 minutes. The membrane was again removed, 
cleaned withO.lSHaOH and double distilled water was passed through 
it at 10 psig and the filtration rate was measured. This 
procedure was followed till the original membrane performance 
with distilled water at 10 psig was restored. It was found that 
the rate of filtration in the first cleaning step was lower than 
the original rate indicating clogging of the membrane. 

It is worthwhile to note here Dejmek's [27] observation 
that there is no precise indication of when a membrane is 
satisfactorily cleaned. He further observed that even if the 
original water permeability is restored, the cleaned membrane some 
times experiences a faster flux decline than a virgin one. 



CHAPTER 4 


RESULTS MB EISGU3SI0H 

The results of the investigations carried out in the 
present study are reported and discussed in this chapter under 
two categories. ,Th© results of the initial time studies on 
protein ultrafiltration (DE) are discussed in the first part 
while the second part deals with the steady state UP performance 
of the membranes studied. 

4.1 Pure Water Piltratiom 

The results of pure water filtration studies are shown 
in Figure 4.1 as a function of time for various UP membranes. 

The experiments were conducted for durations much longer than 
shown in Figure 4,1. However, the general trend shown in this 
figure was maintained over these long periods. Even though the 
rate of filtration as shown in this figure is essentially constant 
there is a slight decline in the rate as time progresses. This 
could be due to membrane compaction as well as deposition on the 
membrane of trace amounts of suspended solids present in the water 
The latter seems to be the main factor as a very thin slime layer 
was detectable over the membrane surface at the end of each 
experiment lasting for more than two hours. This is further 
confirmed by the fact that the original performance of each 
membrane was restored after empolying the cleaning procedure 
described in Chapter 3. IJ.T. KAIV^PUR * 

CEt^T«!AL ilSRARy V : 
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Figure 4.2(a) shows the initial time behaviour of 
'pure water filtration rate for a EM 30 membrane at various 
applied pressures. It can be observed that the rate is constant ■ 
over the whole period and that this steady rate is reached within- 
a very short period of 10-rl5 seconds at all the pressures 
investigated. This would indicate that the process of short 
teim membrane compaction is complete within a short period at 
the beginning. The significance of this compaction period will 
be discussed in the next section. 

The pure water fluxes are plotted as a function of 
pressure in Figure 4.2(b). It is interesting to note in this 
figure that, contrary to the general notion, there is a non- 
linearity in the f lux - A P curve for pure water filtration. 

Michaels [58] has pointed out that for diffusive type cellulose • 
acetate desalination membranes also, water flux is not quite 
linear in (AP - , hue to membrane compression at high pressure# 

Gopas and Middleman [2l] have also reported non-linear flux 
versus A P behaviour for water with cellulosic (HFA-300) membranes. 

4*2 Protein Ultrafiltration: Initial Time Studies : 

It was pointed out in Chapter 2 that, in the GF 
of macromolecules, the phenomenon of concentration polarization 
adversely affects the membrane performance and a steady state is 
eventually reached, at which, the UF performance is considerably 


Volume of filtrate 


)0L ‘^'^nibrane - PM 30 


3^ 4 5 

Time, minutes 



igA2a-Pure water filtration results, (initial tirrie). 


M(?nnbrane - PM 30 


E 075 


0-251 


0 


Fig.4.2b-Flux-pressure relatiohship witf> pure water 
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different from, that of the membrane, when only pure water is used. 
Experiments were conducted to study the DE performance in the 
early phase of the polarization process leading to a steady state 
and the effect of various parameters on this performance. The 
results are presented and discussed in this section. 

Reproducibility of the exp erimentai results - 

was checked for a few runs early in the study with the same 

membrane and the agreement was found to be fairly satisfactory, 

4.2.1 Effect of Pressure ; 

The results of initial time DE experiments with 
0.05 percent BSA and Ovalbumin solutions are presented in 
Eigure 4*3. As can be observed from the variation of the slopes 
of the curves, the rate of filtration decreases with time and 

after a certain time reaches a steady value. Comparison 

ssjp 

of this time, with the time required to reach steady sate 

with pure water, x discussed in section 4.1, indicates that 

s sw 

Eurther, the sharp decrease in the rate of 
filtration '■ for protein solutions as compared with 

filtration rates for pure water, clearly indicates that the 
large time required to reach steady state in the case of proteins 
is due to the slow building up of a polarized layer rather than 
due to membrane compaction, as has been pointed out in Chapter 2. 

The steady state fluxes for these systems are plotted 



Filtrate volume,ml 



Time, minutes ,■ 

Ultrafiltration results at differenti pressures;^ 
for proteins. ^ 
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as a function of pressure in j?igure 4.4. It may iDe noticed tiiat 
the flux increases as the pressure increases. However, the rate 
of increase becomes smaller at higher pressures and the fluxes 
seem to reach a limiting value at the highest pressure used. 

According to the gel-polarization model of Michaels [l53» 
the UP flux of macromole cular solutions should be independent of 

.V,"' ' ' ' 

applied pressure. An increase in pressure while increasing the 

initial UP rate, does not aid back transport rate of the solute 

and results merely in a thicker gel layer which, then reduces 

the flux down to its original value where the convective solute 

flux toward the membrane can be balanced by the rate of back 

diffusion of solute species. It has been observed by others£5>15»64l 

that this pressure independent flux is achieved only at high 

pressures, particularly with dilute solutions, and at low pressures 

significant deviations occur. It has been hypothesized [15] that 

for low enough pressures, gel polarized model is not valid. 

Rather, the fluxes are controlled by a region called the pre— gel 

polarization region', in which the concentration polarization 

modulus is low enough for the wall concentration to be 

below the gel concentration C„. But the wall concentration is 

g 

also high enough to form a concentration boundary layer that can 
provide a significant physical barrier to the solvent and solute 
transport. The steady UP flux is determined by a balance between 
the rate of convective solute transport towards the membrane 



Flux X 100,ml /cm^min 


58 



Pressure, psig 


Fig. 4.4 - Effect of pressure on ultrafiltration flux. 
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surface and the rate of transport of the solute to the hulk 
solution by hack diffusion. According to tliis hypothesis, as 
the pressure is increased, more solute is brought to the membrane 
surface (due to increased initial US' rate) thereby increasing G^, 
which increases the back transport of the solute into the bulk, 
resulting in a net increase in the fluz» But, as the pressure is 
increased further, approaches G^, and no further increase in 
back diffusion can take place and the flux henceforth remains 
constant. This hypothesis is supported, to some degree, by the 
concentration dependence on pressure effect, as 'will be shown 
later. 

The solute retention data are plotted as a function of 
time in Figure 4.5 for various applied pressures. This figure 
shows that the solute retention increases with time and reaches a 
a steady value in about 10 minutes. The data further shows that 
the solute retention decreases with increasing pressure as the 
pre— gel polarization gets converted to the gel polarized layer. 

This behaviour coupled with the fact thata polarized layer is 
formed over the membrane surface indicates that the polarized 
layer not only alters the flux but also the retention characteristic's 
of the membrane. The data indicates that the polarized layer 
has a tighter structure when compared with the primary membrane. 

This behaviour has been confirmed by other investigators also. 

Shah et al. [65], in their study of enzymic hydrolysis of starch 
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in nenlDrane reactor, have observed rejection increasing with 
tirae and complete rejection of starch, limit- dextrin and enzyme. 
They attribute this enhanced rejection to the formation of a 
gel layer which eventually controls the retention characteristics 
of the system, Belluci et al.[83 have also reported, in a 
study on protein UB, increasing retention with time at various 
applied pressures. Dor son et al. [29], in a study on UF of tracer 
molecules through deposited protein layers, found that the protein 
layer offered significant resistance to the passage of tracer 
moleciiLes even with a minimal deposit. They also found that the 
molecular weight of tracer molecule first exibiting zero rejection 
was markedly reduced by the deposited protein layer, which clearly 
shows that the deposited layer has a tighter structure than the 
primary membrane. Enhanced rejection by gel layer has been 
reported also by Sinskey et al. [67] and Wang et al. [l7]. 

According to the gel -polarization model, if the feed 
solution contains a single solute and if the primary membrane is 
essentially impermeable to that solute, the formation of a gel 
layer of that solute (while it may markedly reduce the flux) will 
not influence the solute retention [15] f "tke filtrate will be 
solute free with or without polarization. This shows that the 
^ 95 percent retention of solutes Ovalbumin and BSA by PM 30 
membrane as repoirted by the manufacturers [2] is valid only in 
the gel polarized region and the filtrate collected in the 
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initial periods of such menbranes needs careful analysis, if not 
total rejection. 

Another evidence for the partial perneability of this 
nenbrane PM-30 to the solutes Ovalbunin and BSA is the decrease 
in solute retention with an increase in pressure. If the primary 
aembrane is partially permeable to the solute, then the retention 
will depend upon the properties of the gel layer. When Jm is 
conducted at low pressures with quite dilute solutions, the 
polarized layer will be viscous but still the solute molecules 
within this layer are relatively mobile, further, the locally 
high solute conentration near the membrane surface increases the 
solute flux through the primary membrane, thereby reducing the 
retention. As pointed out earlier, in the pre-gel polarization 
region, increasing pressure, increases the concentration 
polarization modulus (and hence 0^) so that the retention decreases. 
Similar pressure effects on retention were obserr-ed by Baker[ 5 ] 
in the m of dextrans and by Michaels et al. [60] in the 
fractionation of defatted milk whey and a similar explanation 
was also offered by them. It must be re cognizeca, however, that 
increasing pressure leading to hi^er pore flux and therefore 
higher Shear rates in the pores will also effectively uncoil the 
linear macromolecules like dextrans and lead to lower retention [ 5 ]. 
A decrease in retention may also result from elastic distGrtion of 
the membrane leading to an increase in pore size [ 58 ]. 
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Belluci e+ al.[8] have also reported decreasing retention with 
pressure in the initial transient phase. 

The transient behaviour of the solute retention and 
solvent flux in nenbrane UT', as discussed abov^ points out the 
difficulties of characterising the true uenbrane properties in 
protein in' due to the gel polarization phenonenon, Bor proper 
characterization of UP nienbranes with respect to nacroraolecules 
which are likely to be even slightly pemeable, unsteady state 
ineasurenents are thus likely to yield better characterization of 
the aenbranes, 

4.2.2 Tine to Reach Steady State ; 

The tine taken to reach a steady state is defined as 
the tine at which the curve of filtrate volune versus tine becones 
a straight line of constant slope, Bstinates of this tine for 
various pressures and concentrations are presented in Table 4,1 
for both the solutes. 

Even thou^ the fomation of a gel polarized boundary 
layer, which drastically affects the nenbrane perfomance in 
nacronolecular UP has been known for sonetine, not nany attenpts 
to study the fomation and nature of the gel layer have been 
reported in the literature. It has generally been accepted that 
the gel layer is fomed within a very short tine period and nost 
of the UP studies, reported in the literature, have been carried 
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- lO . ?IMB TO ATTAIU CTArp-R 


Menbrane Applied 
Pressure 
psig 


PM 30 


10 

20 

35 



174 

234 

120 


54 

84 

69 


96 


147 

204 

150 


66 

111 


33 

105 

60 


unstl 

rred 


141 


XMIOOA 


10 

20 

35 


183 

240 

165 


69 

105 

78 


192 


156 

210 

180 


60 

165 


48 

87 

66 


156 


2M300 


10 

20 

35 


198 

261 

187 


78 

114 

90 


176 


186 96 
234 174 

201 


60 

90 

71 


150 


out in the gel polarized region. The -few • 

^fexon. -Lhe lew studies on gel layer 

that have been reported [24,25,27,29] use the roethod in which 
the gel layer is first deposited on the nenbrane and then studied 
by passing the solvent or other solutes through It. While 
carrying out one such study, Peonek [27] estlnated, tteoretloally 



65 


the time to reach steady state to be less than one second. 
However, as shown in Table 4.1, even with the unstirred system 
in the present study much higher value (about 100 seconds) was 
obtained for the time to reach a steady state in the JJS flux. 

Another interesting phenomenon that can be observed 
from Table 4.1 is that the time to reach steady state increases 
Wfth pressure at low pressures but decreases at high pressures. 

may be explained, qualitatively, in the following manner: 

At low pressures, as the •nT>pc!aT,-v.o • 

, as tile pressure is increased, more solute is 

brought to the membrane surface and C,,, presumably increases, 
thereby increasing the back transport as well as the solute 

transport through the membrane (fietention is decreased). The 

net result of this will be a reduction in the rate of accumulation 

of protein on the membrane aiiT’f'apo c.v.^q 

surface and consequently, the time to 

reach steady state will increacsp ■Ri->+ 4 -v. 

increase. But, as the pressure is 

increased further, while the forward convective transport 
increases, the back transport reaches a limiting value, as CU 
approaches 0^ and the decrease in retention also is reduced. 

Ihis leads to a relatively quicker attainment of the steady 
State at the highest pressures. 

g?fect of Concentratinn ♦ 

lo study the effect of solute concentration on OT 
performance experiments were conducted also with 0.5 percent 
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Ovalbumiii and 0,1 percent and 0.-5 percent BSA solutions, The 
results presented in Figure 4,6, indicate the same trend as 
those for dilute solutions with the exception that the fluxes 
as well as the time required to achieve a steady state are much 
smaller. 

The concentration polarization model predicts, 
according to equation ( 2 . 12)3 steady state UF flux to be a 
linear function of the logarithm of the bulk concentration. 

The results of the present investigation agree with this 
predicted behaviour as is shown in Figure 4,7. Similar flux 
dependence onconcentration has been reported by many 
workers [36,51,59,65]. 

Two other aspects are also noticeable in Figure 4.7. 
First, the slope of the plot changes with pressure and secondly, 
the intercept at the concentration axis varies with pressure. 

If the UF is carried out in the gel polarized region, then this 
intercept will not vary with pressure, since it must be equal to 
C . But in the pre-gel polarization region, in which v of 

"O ■ ' 

the present investigations were conducted, changes with 
pressure as pointed out earlier and hence this behavioxrr of 
flux versus 0^ could be justified. In fact, the intercepts for 
Ovalbumin at 20 psig and 35 psig are quite close to each other. 
As shown in Figure 4.8, these are almost in the gel-polarized 
region which is not true for the BSA runs except at 35 psig. 
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Ihe va-^latloa of slopo with pres^re iiidloatea that the mass 
ans..er coefficient, Hg/6 , changes with pressure. In the 
pre-gel polarized region, the thiolmess of the oonoentration 
boundary layer changes with pressure (since the Schmidt number 
IS likelyto be affected by drastic oonoentration changes) and 
since changes with pressure, the solute diffuslwlty, which 
is strongly concentration dependent, can also be ejected to 
change. Hence, the change in the slope of the plot could be 
justified. Similar change in slope of Flux wersus log Cg curte 
can be observed in the results of Baker [5] also. 

The oonoentration dependence of variation of flux 

With pressure is shown in Flgire 4.8. It can be observed that' 

the flux-pressure behaviour for higher concentrations is s,- 

to tiiat at lower concentration i e -f-ho -ft • 

xciuxua, i.e., tHe flux increases With 

pressure at low pressures and is invaT*i«n+ n-p 

iu IS invariant of pressure at high 

pressures. But the width of the pressure dependent region is 

smaller at higher concentrations, i.e., at higher bulk 

concentrations the flux invariance is reached at pressur^lcwer 

than that for lower cohcentrations. Similar results showing 

effect of concentration on flux-pressure relation have also been 

reported by other investigators [5,46,63]. This behaviour is 

also oonsistent with the pre-gel polarization hypothesis dlsousse 
in section 4.2,2. m this region, at any pressure, c will be 
higher for higher bulk cohcentrations and will approach C 

g 
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Fig. 4-8 - Effect of concentration on flux- pressure 

_ relatiorisl^ip. 
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(at which flux becomes independent of pressure) at lower pressures. 

The effect of biilk concentration on the retentions 
at various pressures is shown in Figures 4 . 9» 4,10 and 4.11. The 
follwing observations can be made from these figures; In all 
cases, the retention increases with time and reaches a limiting 
value. The retention decreases with increasing pressure. 

Further, at all pressures, the retention increases with increasing 
bulk concentration. 

The increase in retention with time has already been 
explained, in terms of the effect of the polarized layer, in 
section 4.S.2. Although the effect of pressure on solute 
retention at hi^er concentrations is similar to that at lower 
concentrations, the effect is less pronounced at hi^er 
concentrations, i.e., the decrease in retention with increasing 
pressure is less at higher bulk concentrations. Also, at higher 
pressures the retentions are nearly the same. 

While the effect of bulk concentration oh DF flux 
has been widely reported, very little information is available 
on the effect of concentration on solute retention. According 
to Hopfenberg et al, [46], the retention should- be independent 
of bulk concentration in the gel polarized region and 
indeterminate in the pre-gel polarized region. But in their 
experiments with HMDS membranes in the gel polarized region, 
they found the retention to increase with bulk concentration for 
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some detergents and decrease with, concentration for Carbowax, 

They attributed this to solute assymetry and interaction with the 
membrane. Goldsmith [40] proposed a sieTing model according 
to which, the retention in the gel polarized region increases • 
with bulk concentration. But, in the study of UF of dextrans 
and Garbowax at low pressures [39,40], he found the permeate 
solute concentrations increasing with increasing feed 
concentrations leading to either constant or decreased rejection.. 
This was attributed by him to the relatively higher increase 
in solute fluxes compared to the smaller increase in C^, 

Dor son et al.. [29], have observed, in their study of tracer 
passage through protein deposits, a variation of rejection with 
bulk fluid tracer concentration. This was ascribed to the 
blocking effect of proteins and binding of tracer molecules to 
proteins (so lute -so lute interaction). A theoretical model based 
on these was derived by Cott' r [22]. Blatt et al. [l5] have 
pointed out that microperous UF membranes frequently show an 
increase in retention with increasing bulk concentration. They 
explained this to be the result of an increase in the solute 
drag -on the pore walls with increasing solute concentration 
which, reduces the flow through pores passing the solute. This 
biases the flow infavour of pores too Hma.i i to accomodate the 
solute thereby increasing the retention. 
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The results of the present study may he explained in 
the fclLQWing manner: According to the pre-gel polarization 
hypothesis, higher hulk concentrations, which provide higher G^, 
shoilLd result in reduced retention at the same pressure. On 
the other hand, higher wall concentration should give rise to 
denser layer which will increase retention, as was argued for 
retention increase with time. Another factor which will also 
increase retention is the compression of the layer hy the applied 
pressure, Apparojitly the latter factors overweigh the former 
and the .retention increases with concentration. 

The compressible nature of the polarized layer has 
been suggested by Dejmek [27] and Dorson et al. [29] also. In 
the study of solute passage through deposited protein layers 
Dorson et al. [29] found that even the minimal deposit formed 
with a pressure drop of 3.35 psig offered a significant resistance 
to the passage of tracer molecules and the rejection increased with 
increasing applied pressure. Dejmek [24] also argues that the 
polarized layer is compressible and the resistance of the layer 
is proportional to the amount of depvosit and increase's with 
increasing pressure. 

The results of the present investigation also support 
the argument of compressibility of the concentrated layer. An 
increase in pressure or concentration results in higher amounts 
of deposits and therefore, should increase retention. Thus the 



77 


relatively lesser decrease in retention at higher pressures and 
the increase in retention at higher bulk concentrations can be 
considered, to some extent, to be due to compression of the 
polarized layer, This is further confirmed by the relative 
magnitudes of the ealculated resistances of the concentrated 

to ' 

protein layer on the membrane surface, which will be discussed 

later, 

Ihe estimates of the time to reach steady state at - 
higher concentrations are also shown in Table 4.1. It can be 
seen that as the bulk concentration increases, the time to reach 
steady state, at any pressure, decreases. This observation is • 
consistent with the concentration polarization model. Since at 
higher bulk concentrations solute flux towards the wall is higher, 
approaches 0^ faster and this results in a quicker attainment 
of the steady state for a given mass transfer coefficient for 
back diffusion. 

It should however be noticed from figures 4. 5, 4. 9 and 
4.10 that the time required to attain steady state with regard 
to solute retention, retention' to be higher than 

the time required to attain steady state in solvent flux, given 
in Table 4.1. Since the change in solute retention with time is 
also due to the f ormation of the jgel layer, the exact reason for 
this behaviour is not known. The expiation may be as follows: 
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If file compression of a forming gel layer does not affect the 

solvent flux stron^y, a reasonable asstimption in view of the 

sizes of the solute and the solvent, then t will be reached 

ss 

earlier than ^.g-^entionV even slight compression is 

likely to affect the solute retention due to changes in porosity 
of the gel layer, - 

4 • 2 , 4 Effect of Membrane PermeabTi ity ; 

In any membrah© application. , the choice of the 
membrane is governed by two factors, namely, the solvent flux 
and the solute retentivity, Ihe early isotropic microporous 
membranes had a wide range of pore size distribution. Consequently ^ 
membranes with higher solvent flux exhibited I ewer solute 
retentivity and were also more susceptible to plugging, Ihe 
development of anisotropic membranes has made it possible to 
achieve higher solvent flux without much lo^s in solute retentivity 
and with much less plugging. 

Ihe general practice in UE is to choose a membrane 
which has a cut-off level much below the molecular weight of the 
solute to be separated so that essentially complete retention may 
be achieved, Gonsequently, not much work has been reported in 
the literature on the performance of UE membranes with partial 
permeability to a solute. But, as we have seen earlier, in the 
UE of macromolecules, the mmbrane controls the process only for 
a short time at the beginning. Further, as described in Chapter 2, 
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concentration polarization leads to the formation of a cake of 
solute molecules on the membrane surface which acts as a dynamic, 
secondary membrane whose flux and retention behaviour is very 
much different from that of the primary membrane. We have already 
seen how this layer controls the UE perfoimance and the effect of 
pressure and bulk solute concentration on the UE performance. 

If the polarized layer controls the UE performance, the choice of 
the membrane becomes important only in so far as it affects the 
phenomenon of concentration polarization. 

fo investigate the effect of membrane permeability 
on UE performance, experiments were conducted with more open 
membranes XMI OOA and 2M300, having partial permeabilities to the 
solutes used in this study. The results are shown in Eigures 

and 4*15. These plots show the same trend as 
was observed earlier for the tighter membrane, PM30, i.e., the 
rate of filtration decreases with time and reaches a steady state, 
due to concentration polarization. 

The steady state UE fluxes are plotted against the 
applied pressure for these membranes in Eigure 4.16. Eor the 
sake of comparison, the flux-pressure behaviour for the tighter 
membrane, PH30, is also plotted in the same figure. The following 
observations can be easily discerned from this fi^re. The flux- 
pressure behaviour shows the same trend for all the membranes. 
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Ihis indicates that the polarized layer controls the US' 
perforoiance with all the membranes. Uso, in general, at low 
pressures the flux increases with membrane permeability, but at 
higher pressures, particularly at higher bulk concentrations, 
the IIP flux is nearly invariant of the membrane permeability, 

This behaviour could be explained, qualitatively, along the lines 
similar to that used for explaining the effect of pressure on 
flux. At low pressures, where pre-gel polarization hypothesis 
is valid, the increased forward transport through the more open 
membrane res\xlts in more solute being brought to the membrane 
surface. Consequently, increases, thereby increasing the 
back transport, resulting in a net increase in IIP flux. But, 
at higher pressxires, which is near the gel polarized region, 
approaches G and the back transport reaches a limiting value. 

In this region, the use of more open membrane merely results in 
a thicker layer of retained solutes and the flux reduces to the 
value limited by back transport. Blatt et al. [l5l and Baker [53 
have also observed similar flux invariance with membrane pemeability. 

Another explanation could probably be given using the 
hindered flow theory proposed by Harriot [45]. According to 
this theory, developed for partial rejection membranes, there 
is a significant reduction in flow of solvent through pores 
containing a solute molecule compared to the flow of solvent in 
an adjacent empty pore. Also, a solute molecule 
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proportionately more tine in .waller pores than in larger pores 
which tends to decrease the effective average pore size aiid there 
IS a significant reduction in flow even with unifom cylind. ical 
pores, Thus, at low pressures, probably not all the larger pores 
of the open nenbranes are occupied by the solute molecules and 
the flux increases. As the pressure and concentration are 
increased, increases and more and more of the larger pores 
are covered by solute molecules leading to the invariance in flux. 

Another aspect to be observed in figure 4,16 is that 
the width of the pressure dependent region is a function of 
membrane permeability. The threshold pressure at which the flux 
becomes independent of pressure is lower for membranes with 
higher water permeability compared to that for a lower water 
pemeability membrane. This observation can also be explained 
by the pre-gel polarization hypothesis. At any pressure* the 
higher initial transport rates through more open membranes causf 

a higher concentration polarization modulus (higher ratio of 
to Cg) so that approahef? G^ at lower pressures. Similar flux- 
pressure dependence on membrane permeability has also been 
reported by Blatt et al. [153 and Fane [33]. 

Retention characteristics were also studied as a 
function of membrane peimeability and the results for the higher 
water flux membranes imoOA a^^ 2M300 are plotted in Figures 4 .^^^^ 
4.18, 4.19 and 4,20. 
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Before discussing tliese results, it is necessary to 
point out that no work has been reported in the literature on 
the retention behaviour as a function of nenbrane pereneability 
for single solutes under sinilar conditions. This is probably 
because of the criteria for the choice of the aenbrane. As was 
explained earlier, the general practice is to choose a membrane 
Which ensures complete retention of the solute. Ihe only source 
available for obtaining some information on the retention 
behaviour of different membranes is the manufacturers catalog. 

Membranes with differing water permeabilities have 
been used, in general, only for fractionation of a mixture of 
solutes. Thus, Blatt et al. [13] have studied the fractionation 
of mixtures of proteins and polyethylene glycols by graded 
retention membranes. They found that the membrane ret^ntivities 
were altered due to concentration polarization. Baker [4l 
fractionated a mixture of linear polymers through polyelectrolyte 
membranes and obtained good separation, Michaels et al[ 60 ] 
have reported the fractionation of defatted milk whey, which is 
a complex mixture of proteins of diverse molecular wei^ts, 
through a cascade of membranes with differing molecular weight 
cut- -off s. They found that the lowest molecular wei^t fractions 
of the mixture passed through the membranes with higher molecular 
weight cut-offs unimpeded by the polarized layer. But the medium 
molecular weight fractions were greatly hindered by the 
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manufacturers [2] (Table 3.3). nevertheless, they are much 
smaller than those for the tighter membrane. On the other hand, 
we have seen that the steady state fluxes are nearly the same 
for a.l 1 the membranes. If, as explained earlier, the flux 
invariance is merely a result of a thicker deposit on the 
membrane and if the gel layer controls the UiP performance, one 
might expect the retentions of these membranes to be comparable 
to those of the tighter membrane. But, since open membranes 
contain prop cP^tionately larger number of bigger pores through 
which the solutes are carried, the solute concentration in the 
filtrate increases and the retention is reduced. Harriot [ 45 ] 
has also pointed out that the fraction rejected depends on 
product flow rate and membrane structure and the actual 
rejection decreases with increasing flow. 

The estimates for the time taken to reach steady state 
for these open membranes have already been tabulated in Table 4.1. 
It is evident from the table that the time required to reach 
steady state increases with increasing pemeability of the 
membrane. This is quite understandable since the rate of 
acciuaulation is reduced due to the increased solute flux through 
the membrane and the increased back transport resulting from 
higher caused by the higher initial forward transport. But 
the effects of pressure and btilk concentration on the time to 
attain steady state with partial permeability membranes show 
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the sane trend as that for the complete retention nembrane.l.e. , 
the time required to reach steady state Increases with pressure 
at low pressures and decreases at higher pressures and at higher 
hulk concentrations the steady state is reached after a snaller 
tine interval. Ihe reasons for this behaviour have already been 
explained. The resistances of the polarized layer of these 
nembranes have also been estlnated and will be discussed later. 


4.2.5 liiffect of Stirrijig : 

It was explained in Chapter 2 that the OP flux with 

naoronoleoular solutions is governed solely, due to the gel 
polarization phenomenon, by the mass transfer conditions in the 
OP system. Variables which provide better mirtag of the bulk 
solution iaorenso the mass transfer co-efficient, enhance the 
back transport and reduce the effect of polarization, thereby 
increasing the OP rate. The methods commonly employed to promote 
mixing of the feed solution are, magnetically driven stirring in 
stirred cells [7,14,42,74], the use of static mixing elements In 
tubular membranes [21,26] and the thin channel OP system in which 
the feed solution la passed at high velocities through thin 
channels, lined with membrane [63]. The effects of agitation 
have been studied in all the oases and results have been obtained 
in terms of the effect on the OP flux of stirrer spaed, feed 
velocity, Reynolds number and channel dimensions. Theoretical 
models have also been developed which give the mass transfer 
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coefficients as a function of stirrer speed or channel dimensions 
or channel shear rate and the experimental results have "been 
found to be in good agreement with the theoretical models. 

To investigate the efficiency of stirring in the UF 
system used in this study, experiments were carried out with and 
without stirring at 20 psig applied pressure and 0.05 pe^rcent 
concentration of the proteins. The results are presented in 
Figures 4.22, 4.23 and 4.24. 

It can be seen from the data that stirring results in 
increased UF rate with PM30 membrane, which is in agreement with 
the predicted behaviour. Similar increase in UF rate with 
stirring have been reported by Blatt et al. [15]. In contrast, 
the partially permeable membranes XMIOOA and ;gj^.300 show an 
unexpected behaviour-the UF rate with stirring is lower than 
that without stirring. At first, it was suspected that this 
could be due to some leakage in the membranes. But the 
restoration of the original pure water filtration performance 
after the experiment indicated that leakage covild not be the 
cause of this unusaul behaviour. This was further confirmed by 
the repeatability of this behaviour. 

This unusual behaviour of the open membranes could 
not be justified either by the fluid mechanical considerations, 
as these conditions a re the same for all the membranes, or by 
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nembraxLe interactions, since the uenbrane naterials are also the 
same*. This behaviour is presunably due to some change in the 
structure of the solute as a result of stirring and the 
consequent changes in the nature of the polarized layer or due 
to pore blocking, lo test the validity of this hypothesis, two 
experinents were carried out. In the; first, 0.05 percent BSA 
was filtered through XMIOOA laenbrane at 20 psig under usual 
stirred conditions, The retentate fron this experiment was 
then adjusted to 0,05 percent and refiltered through the sane, 
cleaned nenbrane under identical conditions. The results are 
presented in Bigure 4.25*(lf should be noted that the 2M100A 
membrane used for these experiments was taken from a different 
set than that used for other initial time experiments.) It can 
be seen that the rate in the second experiment, with the 
retentate, is much lower than that in the first, with fresh 
solution. Since all other conditions are same in both the 
experiments, this is probably due to more pronounced change in 
the solute molecules as a result of stirring in the first 
experiment. 

It has been known for some time that long chain molecules 
can be broken mechanically both in solution and in bulk phase* 

In dilute solutions the degradation occurs as a result of 
molecular stresses developed by hydrodynamic shear. Many studies 
dealing With such degradation of both synthetic and biological 
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macronole coles have been, reported* The aechanical degradation 
of polystyrene and DBA ■was investigated by Zirm [75] using high 
pressure capillary and laboratory honogenizer. Nakano [6l] has 
observed that during high speed stirring (30,000 rpn) of aqueous 
poly (vinylpyrrolidone) solution, the polyner chains were ruptured 
to lower nolecular weights with decreasing concentration. In a 
study on the degradation of poly acrylanide (PM) aolecules in 
a<i,ueous solution by high speed stirring (4000 rpm) , Tsunoda [7l] 
observed that the viscosity of the solution decreased after 
stirring. This was attributed to the shear degradation of PM 
molecules due to stirring. It was experimentally verified that 
the molecular weight and size of PM were reduced after stirring. 
The argument of structural change and degradation to smaller 
moleculeLr weights of the solute due to shearing action has been 
used by Chian and Aschauer [19] also to explain the increased UP 
flux of frozen and thawed cheese whey over that of refrigerated 
whey. 

Though these studies support the contention of change 
in the solute due to stirring, their applicability to the low 
speed (800 rpm) used in the present study is not known* It may 
be pointed out that this kind of arc."" alous behavi o’Ur with open 
membranes has not been reported in the UP literature. On the 
other hand YanOss et al. [73] have reported that stirred UP 
does in no way impair the biological activity of the protein 
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or alter the noleciilar -weight distribution of proteins in a 
mixture of proteins. Hence, the hypothesis of change in solute 
due to stirring needs further confirmation, Unfort-unately, no 
analysis of the physical properties (viscosity, molecular weight) 
or solute retention was done in this set of studies, so that the 
nature of solute change cannot be definitely identified. 

The tine required to reach steady state without 
stirring is also presented in Table 4.1. It can be seen from 
this table that the steady state is reached at a shorter period 
in the absence of stirring than when the cell solution is stirred. 
This behaviour is reasonable since the process of polarization is 
likely to be more severe in unstirred systems due to poorer back 
transport of solute, 

4.2,6 Effect of Molecular Size 't 

Ultrafiltration membranes function, basically, as 
molecular Hie-yes, separating solutes and solvent on the basis of 
relative molecular sizes* The most common index used for the 
choice of a suitable membrane is the molecular wei^t of the 
solute. Though molecular wei^t has been a satisfactory 
parameter for eharj’iCterizing the ultrafilterability of a 
homologous series of molecules, such as ^obular proteins, 
each of the various other factors such, eg the size, shape, 
deformability of molecules and solute membrane interactions, 
influence the UP performance. 111 these factors cannot be 
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incorporated into a single parameter such, as molecular weight, 

A comparison of the UE results with the two solutes, 
BSA and Ovalbumin, in the present study, may give some idea, 
thou^ not conclusive, of the effect of moleciiLar size on the TIE 
performance. Results indicate that under similar conditions, the 
fluxes and retentions with higher molecular weight solute, BSA, 
are higher than those for the lower molecular weight solute. 
Ovalbumin, The increase in retention with increasing molecular 
wei^t is logical since these membranes behave essentially as 
molecular sieves and it is well documented in the 
literature [5,12,15^291. 

While the effect of molecular weight of solute on 
retention has been well investigated, there is very little 
information on its effect on the UE flux. In one study with 
human serum albumin, whole Bovine serum and gelatin. Porter [65] 
reported decreasing UE rates with increasing molecular wei^ts. 

He attributed this to the lower diffusivities of the higher 
molecular weight solutes. But, in experiments with whole blood 
and plasma and polymer latex solutions, he found this to be 
invalid. In another study by Hopfenberg et al. [46] on the UE 
of surfactants with polyelectrolyte membranes, the UE flux could 
be observed to increase with molecular weight of the solute. 

The results of the present study could, perhaps, be 
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explained in terms of the effect of molecular veight on the 
hydraulic permeability of the polarised layer. The high molecular 
lutes will have larger particle dimensions and porosity 
of the polarised layer of such solutes win also be higher. It 
was shown in Chapter 2 that the hydraulic permeability of the 
polarised layer is sensitive to the porosity and particle slse. 
ITom equation (2.21) it is evident that the hydraulic permeability 
of the polarised layer of BSA should be more than that with 
Ovalbumin. Since the steady state OP rate is controlled by the 

polarised layer, the filtration rata with BSA should be higher 

'fch.a'fc wii}!! Ovalb'uuiiin. 

Another feature to be observed is that the time required 
0 reach steady state, sho«r m Table 4.1, for higher molecular 
''eight solute is shorter compared with that for the lower 
molecular weight solute. This is most lively to be due to the 
higher retention of BSA which increases the concentration 
polarisation modulus and results in a quioher attainment of the 
steady state. A higher flur level with a higher molecular wei^t 
30 ute win also hasten the foimation of a gel layer so that 

Steady State is reached earlier. 

T,ay er Hn,i stance and the , ,, 

the Polarized 

mentioned in Chapter 2 that 


a comparison of the 



106 


resistances of the polarized layer and the IIP membrane "will give 
an idea of the effect of concentration polarization on the UP 
performance. In this section the results of the present 
investigation are discussed on the basis of these resistances. 

The resistances of the polarized layer and the membrane 
■were calculated from the experimental flux values with protein 
solutions and the measured pure water fluxes using equations 
(2,17,2,19 and 2,20), The pressure drop in the polarized layer 
was then calculated from equation (2.20). These are presented 
in Tables 4.2 and 4.3 re^ectively. 

The striking feature of Table 4,2 is the relative 
magnitudes of the polarized layer resistance and the membrane 
resistance. In all cases, the polarized layer resistance is 
much larger than the membrane resistance, which clearly proves 
that the polarized layer controls the UP performance. Further, 
Table 4,3 shows that a substantial fraction of the applied pressure 
is sustained by the polarized layer which means that the effective 
pressure drop for UP is greatly reduced resulting in a considerable 
loss in UP flux. 

It is also evident from these tables that the polarized 
layer resistance is a function of the applied pressure, bulk 
concentration and the membrane permeability. It increases with 
increasing applied pressure and increasing bulk concentration 
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TABLE 4.5 PRESSURE DROP IN THE POLARIZE!) LAIER 


Membrane 

Applied 

Pressure drop 

in Polarized Layer, 


(Psig) 


Xi c; OQU.X 

(Psig) 


Ovalbumin, percent 


BSA, 

percent 


©.05 

0.5 

0.05 

unstirred 

0.05 

0.5 

0.05 

unstirred 


10 

8.55 

9.0 


7.74 

8.79 


PM30 

20 

16.91 

18.15 

17.72 

15.25 

17.62 

18.13 


35 

30.23 

32.44 


29.78 

31i85 



10 

C\J 

• 

CO 

8.98 


7.31 

8.65 


mOOA 

20 

16. 67 

17.99 

14.2 

15.41 

17.69 

16.20 


35 

30.49 

32.66 


29.89 

32.73 



10 8.39 9.19 7.84 8.89 

XM300 20 16.68 18.04 14.6 15.66 17.67 16.35 

35 30.61 32.97 30.5 
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but decreases ■with increasing membrane permeabilLity, in increasing 
gel resistance with increasing pressure has been reported by 
Dejmek [27] and Gopas and Middleman [2l] also. But while Copas 
and Middleman have found the gel resistance to increase linearly 
with applied pressure for tubular cellulosic membrane system, 
Bejmek proposed, based on compression hypothesis that the increase 
in gel resistance should correlate with the pressure drop in the 
gel layer and not with the total applied pressure* Dejmek [27] 
confirmed this in experiments with an unstirred cell and obtained 
a 0.75 power dependence of gel resistance upon the pressure drop 
in the gel layer. The data of Table 4.2 and 4.3 also indicate 
that the increase in polarized layer resistance is not linear 
■with the applied pressure but may fit a power relation with the 
pressure drop in the polarized layer. This means that the resiilts 
of the present study also support the compression hypothesis as 
was pointed out in earlier sections. Similar compressible 
polarized layer model has also been used by Dorson et al. [29] 
to explain protein UB. 

The compression hypothesis explains the variation of 
resistance of the polarized layer with bulk concentration also. 
According to this hypothesis, the resistance is proportional to 
the amount of deposit [27], Therefore, an increase in bulk 
concentration, which increases the amount of deposit, will 
naturally lead to increased polarized layer resistance. This 
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becomes particularly evident at iiiglier pressures. 

Another aspect of importance in Tables 4-2 and 4.3 
is that while the resistance of the polarized layer decreases 
with increasing membrane permeability, the decrease at higher 
pressures is much smaller than that at lower pressures. This 
means that, since polarized layer determines - the UT' flux, the UF 
flux will be nearly the same for all the membranes at high 
pressures. This invariance of flux with membrane peimeability 
was discussed in an earlier section also. 

The effect of agitation can also be explained in terms 
of the resistance of the polarized layer. It can be observed 
from Table 4.2 that the resistance of the polarized layer when 
the cell solution is not stirred is much higher than that for 
the stirred cell in the case of total retention membrane PM30 
which points out to the necessity of stirring to improve the UF 
performance. Similar reduction in gel resistance due to ' 
convection promotion for total retention membrans has been shown 
by Gopas and Middleman [21] also. On the other hand the 
pola3;ized layer resistance for the stirred cell is seen to be 
higher than that without stirring with the open membranes, 

XMIOOA and 1M300. The polarized layer resistance is a function 
of the hydraulic permeability which, in turn is sensitive to 
solute size and porosity of the layer. This confirms the ^ ^ 
postulation in the earlier section that the imusual flux 
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decrease observed with. HCLOOA and 2M500 aenbranes in stirred 
experimeniB compared with the unstirred experiments is a result 
of the change in the nature of the polarized layer. It can also 
be seen in fable 4.2 that the polarized layer resistance decreases; 
with increase in the molecular weight of the solute, fhis can be 
explained by the increasing hydraulic permeability of the 
polarized layer of a higher molecular weight solute, 

4,2.8 Qomparison of Gel Laver Build up Model with Experimental 
Results ? 

A model of the gel layer build up, from the theory 
of classical filtration, was presented in Chapter 2 and relations 
were obtained for the steady state flux as a function of the 
filtrate volume, A comparison of the theory with the experimental 
results is presented in this section. 

In classical filtration theory, with a cake being built 
up, an equation similar to equation (2, 30) would be integrated 
so that filtrate volume 'V’ is obtained as a function of time 
*t’, Rrom the slopes and intercepts of a suitable plot, the 
specific resistance of the cake a and other parameters can be 
determined. For the stirred DF experiments of this work, the 

value of K in equation (2. 30) is unknown. Further, equation (2,30t) 

S 

is quite complicated for an analytical solution.^ fhe utility of 
equation (2,33) is best understood in such a context. 
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Poi* any given condition of experiment with Ovalhumin 

or BSA and PM30 membrane, values of A^gei» 

available in 'Eables4.1, 4.3 and 4.4 respectively. For a given 

pressure of operation, the data for the lowest concentration 

0 = 0.05 percent were chosen and aQi) was determined from 

equation (2.33) with the measured values of ‘Vgg, 

and J^. Using this value of a^ri or at), the value of 7^^ was 

predicted from equation (2,33) for the same pressure of operation 

but for a higher bulk concentration. The results of such 

calculations, assuming the cake to be .incompressible (n = O) gnd 

compressible ( n = 0«75) » are given in Tables 4.5 and 4.6 

respectively. It may be observed from these tables that the 

deviations in the predicted filtrate volume V from the experimental 

values are not considerable. Except for 0,1 percent BSA data at 

20 psig, the agreement is particularly satisfactory considering 

that predictions are being made for 7 values as low as 7 ml, 

with an values determined from 7 values as high as 36 ml. It 

ss 

is also to be noted that measuring 7^^ and t from a plot 

SS s s 

introduces some error apart from that associated with the 
measurement of ultrafiltrate volume. 

The volume of the ultrafiltrate, 7^_, collected upto 
time t = T , rather than , was predicted from equation (2,33) 
since' is very sensitive, appirently^. to small errors in 7gg. 

The lowest concentration of protein was used for determining . 
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TABLE 4.4 t-IEASUBEL FILTRATE VOLUiyiE AIID ELUX AT STB ALY STATE- 

INITIAL TIME STUDIES 


Concentration of 
Protein, 

Ap 

Psig 

Measured 

Piltrate 

Volume, 

ss 

ml. 

Measured 

Plux, 

ml/cm^ min. 


10 

15.75 

0.0723 

0.05 percent 


20 

24.5 

0.105 

OvalLumin 


35 

17.75 

0.151 


10 

3.2 

0.05 

0.5 percent 


20 

5.6 

0.063 

Ovalbumin 


35 

6.2 

0.081 



10 

17,5 

0.113 

0.05 percent 

20 

32.0 

0.163 

BSA 

35 

36.0 

0.181 


0.1 percent 

10 

8.2 

0.10 

BSA 

20 

11.0 

0.138 


10 3.2 0,06 

0.5 percent 20 8.4 0.081 

35 7.1 0.1 


BSA 
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TABL'E 4.5 GOMPiRISON OE PREDICTED MD MBAS[JBEI) 1~ILTRA1E 

YQLmm AT STEADY STATE POP M INCOMPRESSIBLE OAKB (n=0) 


Concentration 
of Protein 

AP 

Bsig 

-7 

a TTi X 10 

psi.cm.sec. 

gm. 

Predicted 

ss 

ml. 

Measured 

ml. 

Percent 

Deviation 


10 

5.35 

2.83 

3.2 

-11.56 

0.5 percent 

20 

5.88 

4.9 

5.6 

-12.50 

Ovalbumin 

55 

10.15 

4.64 

6.0 

-22.67 


10 

2,92 

8,405 

CM 

# 

00 

+ 2.5 

0.1 percent 

20 

2.74 

16.88 

11.0 

+53.5 

BSA 

35 

3.224 

- 

- 

- 


10 

2.92 

2.92 

3.2 

- 8.75 

0.5 percent 

20 

2.74 

7.87 

8.4 

- 6.3 

BSA 

35 

3.224 

7.39 

7.1 

+ 4.1 
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lABLE 4.6 GOMPiiRISIOE OE PREDICTED ilTD MEASURED FILTRATE VOLUME 
Al SlEiiEY STATE FOR A COMPRESSIBLE CAKB (n=0»75) 


Concentration 
of Protein 

psig 

-*7 

a^T] X 10 

psi.cm. sec. 
gm. 

Predicted 

ss 

ml. 

Measured 

ml. 

Percent 

Deviation 


10 

4.29 

2.78 

3.2 

-13.1 

0.5 percent 

20 

2.82 

4.8 

5.6 

-14.2 

Ovalbumin 

35 

3.21 

4.58 

6.0 

-23.6 


10 

2.83 

8.38 

CM 

00 

+ 2.2 

0.1 percent 

20 

1.41 

16.56 

11.0 

+50.5 

BSA 

35 

1.01 

- 

- 

- 


10 2.83 3.05 3.2 - 4.6 

0.5 percent 20 . I.41 7.6 8.4 - 9.5 


35 1.01 7.01 7.1 -1.2 


BSA 
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ar\ values since the error in reading off V „ from a graph of 

s s 

ultrafiltrate volume versus time is minimised with a higher value 

of V_ , Further, the same applied pressure was used with varying 

bulk concentrations for checking the theory, since the regime 

of concentration polarization was more a function of pressure 

than of bulk concentration. In this context Table 4.5 shows 

that almost always the value of ar] goes up with pressure, 

consistent with the filtration theory. But in Table 4.6 the 

at} values for P = 10 psig are higher than those at higher ' ■ . 

pressure B» Since P = 10 psig is not in the gel polarized region, 

the theory may not be well applicable here. Probably the use of 

equation (2.36)may give a better agreement in this region. The 

relative usefulness of a compressible cake and an incompressible 

cake is therefore difficult to judge from Tables 4.5 and 4.6 since 

with regard to prediction of V , the behaviour of both models 

ss 

are similar. Further, whether any value of n other than 0.75 
would give a better fit to the data has not been investigated, 

Another point to be observed from these tables is that 
the specific resistance a.^ of a polarized layer with Ovalbumin 
is much higher than that with BSA under similar conditions, 

Elis is consistent with the general implications of the 
postulation that the specific cake resistance, a, varies inversely 
with tliesquare of the solute diameter (therefore the ratio 

^“Ovalbumin/“BSA^ “ ^^BSA/'^Ovalbimin^ ®0valbumin> “bsA* 
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It may thus appear, that the approximate, cake filtration type of 
model for gel layer build up in UP as presented in Chapter 2 has 
many desirable features and more rigorous analysis and experiments 
are called for. 

It would be useful to compare the order of magnitudes of 

some of the values of ari given in Table 4.5 with what would be 

predicted from equation (2,24i for the given conditions of UP. 

7 

Consider, for example, the value of ar] = 10.15x10 psi cm. sec. 

gm. 

for Ovalbiinain at 35 psig. This is equivalent to a value of 
12 —1 

ar) = 7,05x10 (seconds)” . The formula of ar) from equation 
(2.24) is 

an = 

where the Giarman-Kozeny constant has a value 180. How from 

Pigure 4.7, Ggg^=^5L gm/lOO gm for Ovalbumin at 35 psig. Therefore 

e = O.dS and for a t) value of water of 0,01 gm/cm sec. and f = 

0 ® 

1 gm/cc and a value of ^ovalbumin"^'^ at), a value 

of lO.XxlO (seconds)”"^, which is only about SJ times greater 

than the value of at] from Table 4.5. Considering the uncertaini— 

ties in the value of e and d, this is quite reasonable, Por example, 

a change of 0,05 in the value of e from 0.1^ to 0.^* will reduce 

the value of at) by l.^J times. In addition^ tbe exact hydrodynamic 

diameter of Ovalbumin molecules to be used here is imcert ai-n an d 

has to be determined from e2q)eriments assuming Carman -Eozeny 

equation to be valid. However, according to Colton et al.\[76} 

the characteristic dimensions of Ovalbumin are 17 .6x44.1 A® and ^ 


E^(l-e)Ti 
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and the minor half -axis dimension 17,6 of an equivalent prolate 
ellipsoid was recommended by them for diffusion studies in dialysis, 
Ihe choice of ^ovalbumin~ considered in such a 

context, further, from fables 4,5 and 4.6, at 35 psig, 

^“ovalbumin'^^BSA^ has the values of 3.16 and 3.18 respectively, 

Fow the hydrodynamic of BSA is 34 A° [773. If we use 

25 A° and 17.6 A° for Ovalbiimin^ we will get (aovalbumin/“BSA^ 
be 1,86 and 3.7 resepctively , It is to be noted that the 
experimental ratio of 3.17 falls in between the predicted ratios. 

It should be pointed out that essentially complete 

retention of the solutes through PM30 membrane was assumed in 

the calculations. A time averaged value of Gp(t) could have been 

used in equation (2.27) and calculations could have been carried 

out by modifying equation (2,33) accordingly. This procedure 

would have altered the values of at). However, for PM30 membrane, 

it would not affect the calculated values of V substantially, 

ss 

sincethe time averaged value of Gp(t) , Bp, for BSA or Ovalbumin, 
is only around l/7th of "C. 

4.3 Protein Ultraf iltration i Steady State Sxpe-r-iTnP.nt.c! » 

In the results discussed in the last section, the emphasis 
was on the UP behaviour of the system in the early stages of the 
process leading to a steady state. B:^eriments were also conducted 
to study the steady state DP performance of the system and the 
results are presented and discussed in this section. The variables 
studied for this purpose were, the concentration, the pH of the 
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solution and the membrane treatment with a non-ionic detergent , 

Teepol , The experiments were so performed as to study the effects^ 
with systems of differing permeabilities, For a completely retentive 
system, BSA was ultraf iltered through PM30 membrane j for partial 
retention system, BSA and egg albumin were filtered through 2M100A 
membrane and for total permeability system Hemoglobin was ultraf iltered 
through ZM300 membrane. All experiments were conducted at 20 psig. 
for 1 hour, 

4.3.1 Effect of Concentration ; 

Results of steady state OF studies as a function of 
concentration are presented in Table 4,7. To show the trend in UF 
performance, the results of steady state OF of BSA throu^ 2DI100A 
membrane at different concentrations are plotted in Figure 4,26 as 
the volume of filtrate collected against time. It is evident from 
this figure that the trend is the same as was observed earlier in 

V 

initial time experiments. The steady state fluxes were plotted 
against the concentrations in a semi-log plot as shown in Figure 4,27 , 
This shows that equation (2.12) is obeyed and that the results are 
in agreement with the gel polarization model described in Chapter 2, 

4.3.2 Effect of pH ; 

It is well known that pH has a significant effect on the 
properties of proteins, because of their dipolar character. For 
example, the solubility of proteins, in general, is minimum at the 
iso-electric pH. For this reason, pH becomes an important variable 
in the UF of protein solutions. 
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TABLE 4.7 THE EEEEGT OE COMCEUTRATIOE OE STEADY 

STATE ULTHAEILTRATIOH ELUX 


Solute 

Gon cent rat ion 
percent 

Membrane 

pH 

Steady state 
OE fluz at 

20 psi^ 
rol/cm^ min. 


0.05 



0,151 

BSA 

0,25 

IM30 

4.8 

0,103 


o 

• 

H 



0.063 


0.05 



0.115 

BSA 

0.20 

XMIOOA 

4.8 

0.087 


1.0 



0.053 


0.05 



0.087 

Egg Alb-umin 

0.25 

XMIOOA 

4.6 

0.06 


1.0 



0.042 


0,05 



0.127 

Henogiobin 

0.25 

2M300 

6 ml 

0.09 


1.0 



0.061 








IHI 




HH 












Membrane - XM100A 
Solute -BSA 
Pressure -20pstg 
pH = 4-8 


o 0 - 25 % 







123 


To study the effect of pH on the JJF behaviour, 
ezperinents were carried out with 0.25 percent protein solutions 
at different pH values. The ice suits for TIP of BSA through IMIOOA 
nembrane shown in Pigure 4.28 indicate the trend of the results. 
The steady state flux values are plotted as a function of pH, 
for steady state esperinents in Figure 4.29 (a). The results 
indicate that the HP rate is reduced near the iso-electric pH 
and is higher at pH values both above and below the iso-electric 
pH. Initial tine studies were also nade on the effect of pH with 
0.05 percent BSA and Ovalbumin through PM30 nembrane and the 
results are plotted in Figure 4.29 (b) . This figure also shows 
that the I3F flux is minimum at the iso-electric pH and increases 
at pH values on both sides of iso-eieetric pH. 

Though pH is an important variable in the HP of 
proteins, very little work has been done to study its effect on 
Ul* perfoimance. m the HF of dilute albumin solutions with total 
retention membranes, Friedli et . al. [36] found that the rate of 
filtration reduced sharply as the iso-electric point was reached. 
Lee and Merson [50j in their study of fouling in HP ©f 
whey through PMIO membranes, have observed that acidification^^^^^^^^ 
of Whey increases the UF rates . They attributed this to pH 
induced changes in the state of p - lactoglobulin, which^^^^ ^ 
constitutes about 50 percent of the whey protein. The marked 

effect of pH on the association/dissociation behaviour of 
















Membrane- XM100A 
Solute - BSA Cb- 0-257. 
Pressure -20psig 

V pH 8-0 
A ".'pH. 3-0 

o pH 4-8 Hsoelectric pH ) 


i7 6-9ac/mirt 

pH=%:o /: 


4.35cc/m:in 

pH 









BSAXM100A 


BSA PM 30 


Isoelectric 

^PH 


Egg Afbumi 
XM100A 




Pres?urei;20« 

-rv 


feet of pH on .uitrafiltration tlux-Ca) 

^ (b) Initial time experirnen 
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P - lactoglobulin is well known [49,54]. Ihiring nltrafiltration, 
the rate will be high if the proteins are either maintain ed in a 
dispersed state or if the deposits formed are porous. According 
to Lee and Merson [50], the addition of chemicals to proteins 
alters the state of proteins and changes the amount and structure 
of the fouling deposits. They have shown, from electron 
micrographs of fouling deposits, that the structure of deposits 
is strongly dependent on pH, Addition of NaOH destabilized the 
protein and caused thick deposits of a granular matrix to form a 
non~porous fouling layer. Acidification stabilized the protein 
and only light deposits were observed. 

The dependence of UP flux on pH was studied also by 
Fane and Fell [33] in the UF of starch factory effluents through 
non-cellulosic membranes. They had observed a minimum in flux 
at a pH of 4-5 with a maximum at a pH of approximately 3#0, which 
they attributed to changes in Idae behaviour of proteins due to 
pH variation. They have also pointed out that minimiam in UF flux 
is thou^t to occur at the iso -electric pH, as the proteins then 
agglomerate and have lowered diffusivities. Similar behaviour 
has been observed with proteinaceous solutions by Forbes [343also, 

The variation of UF rate with pH could also, possibly 
be explained by the effect of pH on the adsorption of proteins. 

It is well known that 'protein molecules get adsorbed to the 
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nenbrazie surface during ultrafiltratiou. Any factor which alters 
the adsorption chais-cteristlcs of the proteins will correspondingly 
affect the UP perforuance also. The adsorption of proteins on 
synthetic surfaces has been well studied and it has been reported , 
that the adsorption reaches a nazinun near the iso-electric 
pH [55,62]. Dilinan and Hiller [28] have studied the adsorption 
of serum proteins on polyaeric uembrane surfaces and have observed 
that the adsorption increases as the iso-electric pH is approached. 
Clearly, an inoreasing adsorption will increase the amount of 
deposit and thereby decrease the UF flux. 

It can be seen that the results on the effect of 
pH on the UP performance reported in the present study are 

comparable with those 2 *eported in the literature and could be 

explained in terms of a change in the state and behaviour of 
the proteins. The adsorption charectristics of the proteins 
on the UP membrane used were not however separately studied in 
this work so that their contribution isnnknown. 

4-**5.3 o f Detergent Treatment ; 

One of the methods suggested by the membrane 
manufacturers for the removal of adsorbed proteins is to clean 
the membrane with a dilute detergent solution. This method of 
cleaning was tried early in this study. The nenbrane, after 
a protein run, was kept in a dilute solution of non-ionic 
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detergent, Teepol (a detergent based on secondary allgrl sulphates 
and alkyl aryl sulphonates) for a few minutes and then washed 
with Water, After this cleaning procedure, when double distilled 
water was passed through the membrane to check its pure water 
permeability, a large increase in the rate of filtration was 
observed. In fact, this late was higher than the original rate 
of pure water filtration. This unusual behaviour in pure water 
filtration following the treatment with detergent gave rise to a 
suspicion that detergent treatment may alter the filtration 
performance of the membrane and led to the investigation of theE* 
effect of detergent treatment on Ui* performance. 

This effect was studied with a XMIOOA membrane. The 
membrane was kept in 40 ml, of 5 percent (V/V) solution of Teepol 
for two different time periods, 50 minutes and 3 hours, washed ■ 
with water and the filtration performances of double distilled 
water, 0,5 percent polyethylene glycol (PEG-) and 0.25 percent BSA. 
solution were studied. The results are presented in Pigures 4,30* 
4,31 and 4,20,. 

The results indicate that the membrane treatment 
with detergent enhances the UP rate in all the cases. This type 
of increase in rate of ultrafiltration due to detergent treatment 
has not been reported in the literatixre. Even in DP studies^ ^ 
where detergents have been used to clean the membranes* there 
has been no mention about improvaaent in m^brane perforoance. 
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UF of ds'bei’gen'ts lias been sbudied wibh. meiubnaiies 
capable of retaining them by Bhattacharya et al, [l0,ll3, 

Grieves et al. [44] and Hopfenberg et al. [46], Ihey have 
observed that the results follow the same trend as with other 
solutes, i.e,, the rate decreases with time. The gel 
polarization model has been found to describe the results 
adequately. But in the study of DP of laundry waste constituents 
With negatively charged PSAL membrane (non-cellulosic skin oh 
cellulosic backing), Bhattacharya et al. [lO] observed an 
increase in water flux with a detergent, sodium laxiryl benzene 
sulphonate (BAB) and with a mixed system of LAB and poly- 
phosphates over that with solute free water. This was beleived 
to have been caused by membrane swelling. Similar membrane 
swelling and increased water flux with increasing soap 
concentrations were also observed by laconti et al. [48] in 
experiments with synthetic wash water through negatively 
charged membranes. 

The increase in UP rate after treatment, observed in 
this study, could also probably, be explained by the swelling of 
the po ly electrolyte membrane due to detergent treatment and 
consequent change in the pore structure. Swelling of cotton 
fibers by treatment with detergents has been reported by 
Betrabet et al. [9]. They had observed that Triton B 
(Trimethyl benzyl ammonium hydroxide) is a powerful swelling 
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agent for cotton fibers and it opens up the fine structure of 
cellulose considerably witbout significantly altering its basic 
structure or physical properties. 

The effect of detergent treatment on retention of 
BSA is also presented in figure 4. 31- Tb.e decrease in retention 
when the membrane was treated with detergent seems to further 
confiim the argument of swelling of membrane and opening up of 
its pores. 

Another aspect to be observed from these figures 
is that while there is a significant increase in UP rate with 
distilled water and PBU solution, the improvement in rate due 
to detergent treatment is only marginal with the protein solution. 
This indicates that the mechanism by which the detergent 
treatment improves the membrane performance is a function of 
the solute also. The behaviour with proteins may be due to 
some interaction between the protein and the adsorbed detergent 
during .xilt rafiltration. Interactions between proteins and 

detergents have been reported by G-reen [43l» 

It is necessary to note here that cleaning and 
passage of distilled water throu^ the membrane , after an UP 
run with detergent treated membrane was complete, brou^t the 
membrane permeability back to its original value. In general 
this required about 1 hour. 




iHMM 


9|H 




Nembrcihe - XM100A 
Solute A-0-25% BSA 


o Untreated membrane 

£^ 1 ; Membrane treated with Teepol for 3 hour: s 










CHAPTER 5 


GOHCLUSIOHS MB SCOPE POE FUTURE WORK 

A summary of the conclusions reached in this study 
are 'presented in this section. 

As a result of macrosolute polarization, the UP flux 
decreases with time while the solute retention increases with 
time , reaching a steady state after a certain time interval. 
Polarization takes place even with quite open membranes and 
affects their performance also. The retention values reported 
by the manufacturers for the membranes of this study are valid 
only after the steady state is reached and there is„somo solute 
leakage in the initial period even with apparently tight membranes^ 

The time required to attain a steady state in UP flux, 

T , is a function of the applied pressure, solute concentration, 
s s 

membrane permeability, solute molecular size and stirring 
conditions. The value of increases with pressure at low 
pressures but decreases at higher pressures. At all pressures, 

decreases with increase in solute concentration and solute 

' '■ ' ' 

size while* It increases with increasing membrane permeability 
and stirring. 

The results agree well with the gel polarization 

' I: 

. ■ ■ ■ ■ • " 1 ' 

model proposed by Michaels at higher pressures and at higher 
bulk solute concentrations, i.e., in the gel polarized I 
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region. In 'this region the UP flux is invariant with pressure 
and is almost independent of the membrane permeability and 
varies linearly with the logarithm of bulk concentration, 3Hie 
solute retention, in this region, is nearly invariant of pressure 
and increases with increasing bulk concentration while decreasing 
with increase in membrane permeability. 

In the pre-gel polarized region, the flux increases 
with increasing pressure and manbrane permeability but the width 
»f the pressure dependent region is a function of the bulk 
concentration and membrane permeability. Ihe threshold pressure 
at which the gel polarization takes place is lower at higher 
bulk concentrations and for higher permeability membranes# 

The polarized layer is compressible as is indicated 
by the effect of pressure and solute concentration on the 
retention behaviour and on the resistance of the polarized layer. 

The calculated values of resistance of the polarized 
layer and pressure drop in the polarized layer indicate that 
the polarized layer controls the UP performance and most of the 
applied pressure is sustained by the polarized layer. The 
resistance of the polarized layer increases with pressure and 
solute concentration but decreases with increasing membrane 
permeability. 

With totalretention membranes, stirring results in 
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an. imppovemenl: in the rate of filtration. But with open membranes 
stirring was observed to decrease the rate of filtration, which 
may be due to degradation of proteins to lower molecular weights 
as a result of hydrodynamic shear. 

With the solutes used in this study , both IIF flux and 
solute retention were higher for higher molecular weight solutes, 
Ihe higher flux with higher molecular weight solutes is likely to 
be due to the increased permeability of the polarized layer formed 
with such solutes, 

The solution pH has a significant effect on the T3P 
flux of proteins. !Ehe flux is minimum at the isoelectric point 
(lEP) of the proteins and increases at pH values on both sides of 
it. This could ' probably be the result of pH induced changes 
in the state and behaviour of the proteins and due to the increased 
adsorption of proteins at lEP, 

The membrane treatment with a non-ionic detergent 
prior to filtration increases US’ flux and decreases the solute 
retention, probably as a result of swelling of the membrane on 
treatment with detergent and consequent changes in the pore 
structure. 

The theoretical’ model for the gel layer build up 
based on the classical filtration theory proposed in this study 
compares favourably with the experimental results as indicated 
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by the agreement between the predicted and the measured volume 
of ultrafiltrate collected when the steady state is attained. 

As is evident from the discussion of the results of 
this study^ further work is necessary to gain a better understanding 
of protein DP and the problem of gel polarization. Also, some 
of the effects investigated, need further study. Some suggestions . 
are made in this section towards this direction. 

Initial time studies should be carried out with a 
broader range of pressures and solute concentrations than those 
used in this study to get a clearer picture of the polarization 
process. 

Investigations on the nature of deposits on the 
membrane after the experiment, particularly its weight and 
structure, should be studied. 

The membranes used in Uaia study were supposed to have 
a narrow pore size distribution and hence the pores were not 
expected to be dogged. But with more open membranes and 
membranes with broader pore size distribution, clogging of the 
pores might affect the res\ilts. The clogging behaviour of 
various membranes should be studied so as to isolate its effects, 
if any, from that of gel polarization, d so, other membrane 
materials should be investigated to study the effect of specific 
soluteHmembrane interactions. 
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The effect of stirring needs further confirmation. 
Different stirring speeds should be used to study the effect 
of stirring on the IIF performance. The viscosity and molecular 
wei^t distribution before and after stirring may be measured 
to confirm the hypothesis of change in the structure of solute 
due to stirring. 

The change in the structure of the deposit with 
variation in pH should be investigated to ascertain the effect 
of pH, The adsorption of proteins on membrane surfaces and 
its variation with pH need to be studied separately. The 
effect of other chemical additives to change the structure of 
proteins as well as protein deposits may also be investigated. 

The hypothesis of swelling of membrane on treatment 
with detergent should be studied further by examination of the 
membrane pore structure. 

The model of gel layer build up proposed in this 
study could be made more rigorous. The theory should be t ested 
with the results for XM lOOA and XM 300 membranes also. More 
experiments at lower pressures will be needed to list the 
theory in the pre-gel polarization region. 

The effect of a forming gel layer oh the solute 
retention should also be part of a comprehensive model for gel 
layer build up. The retention with respect to gel-forming 
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solute as well as aay other tracer solute should be the subject 
of further modelling. 

Any such model should also seek an explanation for 
the different estimates of time required to attain the steady 
state in in’ flux and solute retention. The discrimination 
between a compressible and an incompressible cake model may 
also be carried out. 

Ultrafiltration in geometries and flow systems with 
well characterized mass transfer coefficients should be preferred 
in any future investigation. This is likely to be useful in 
verifying some of the features of any filtration type model. 
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